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INTRODUCIION 

The scientists and engineers of the Earth Sciences Division conduct research on a 
wide variety of geologic topics relevant to the nation's energy programs. This 
report summarizes the activities for 1982 and illustrates the breadth and relevancy 
of scientific investigations appropriate to a National Laboratory research 
organization. The Earth Sciences Division has developed unique expertise in 
several of the research areas reported here and utilizes the special facilities 
available at the Lawrence Berkeley Laboratory (LBL) in specific project 
applications. 

Although university faculty members, graduate students, and visiting scientists 
participate with Laboratory staff in many investigations, the scientific results could 
not have been realized without the technical, computational, and managerial 
resources of the Laboratory. For example, the development of techniques used in 
electromagnetic methods and the comprehensive analysis of the Cerro Prieto 
geothermal field are technically sophisticated and logistically complex programs 
requiring effective management and skilled engineering support. The code 
development efforts in geophysical modeling and reservoir engineering rely heavily 
on the Laboratory computing facilities. The revolutionary design for the high- 
temperature calorimetry equipment soon to be built for the study of silica melts is 
due largely to the unique capabilities of the engineering and technical support 
groups at LBL. 

The first four sections of this annual report present the research activities 
conducted within' the four, principal disciplines of the Earth Sciences Division: 
Geochemistry, Reservoir Engineering and Hydrogeology, Geophysics, and 
Geomechanics. The last two sections provide summary reports on two significant 
interdisciplinary programs: studies of the Cerro Prieto geothermal field and 
investigations related to geologic isolation of nuclear waste. We are proud to be 
able to bring to you this summary of research highlights from the Division, and we 
hope in this report to convey a sense of enthusiasm and excitement for coming 
discoveries. 





GEOPHYSICS 

The geophysical programs at Lawrence Berkeley Laboratory (LBL) are generally 
of an applied nature. Historically, emphasis has come from the need to improve 
exploration techniques for resource definition or to develop effective techniques for 
monitoring subsurface processes and changes in physical properties. Research 
efforts concentrate on developing better instrumentation, field techniques, and 
interpretation methods for electrical, electromagnetic, and seismic technologies. 
The success of the geophysical program has been due to the effective collaboration 
between LBL staff  scientists and engineers and UC Berkeley faculty members and 
graduate students. Many students from the Department of Materials Science and 
Mineral Engineering (College of Engineering) and from the Department of Geology 
and Geophysics (College of Letters and Sciences) have done their graduate research 
through LBL projects. 
As evidenced by the geophysical research summaries included in this section, 

recent work has concentrated on improving the magnetotelluric and controlled- 
source electromagnetic techniques by devising better field procedures and methods 
of data interpretation. In seismic research, development continues on the 
automated seismic processor (ASP), an in-field data-processing system conceived for 
microearthquake analysis with closely spaced seismographic networks. Initially 
developed for study of highly seismic geothermal areas, ASP has been used in a 
wide range of research applications, including induced seismicity, aftershock 
sequence monitoring, volcanic hazard studies, underground nuclear test monitoring, 
acoustic emission studies in mined caverns, and hydrofracture monitoring. Fiscal 
1982 also saw the founding of CSS, the Center for Computational Seismology, a 
broad-based collaborative research facility with LBL and campus participation. 

Other geophysical research topics are summarized in the section on the Mexican- 
American Cooperative Program (Cerro f ie to) .  

This work was supported through U.S. Department of Energy Contract No. DE- 
ACO3-76SFOOO98 by (1) the Assistant Secretary for Conservation and Renewable 
Energy, Oflice of Renewable Technology, Division of Geothermal and Hydropower 
Technologies; (2) the Assistant Secretary for Energy Research, Wice  of Basic 
Energy Sciences, Division of Engineering, Mathematics and Geosciences; and 
(3) the Assistant Secretary for Nuclear Energy, Oflice of Nuclear Waste 
Management, Division of Waste Isolation. 





DETERMINATION OF CORRELATION 
LENGTHS FOR MAGNETIC NOISE IN 

MAGNETOTELLURICS 

KM. Goubau, P. Maxton, R.H. Koch, and J. Clarke 

In remote reference magnetotellurics (MT), one 
obtains unbiased estimates of the plane-wave impedance 
of the earth and of the tipper, provided that the noise 
in the reference is uncorrelated with the electromag- 
netic fields measured at the base station. Since the 
sources of noise are not well understood, it is generally 
assumed that to minimize possible bias errors from 
correlated noises the reference should be placed a dis- 
tance from the base station equal to one or more skin 
depths at the frequency of interest. At frequencies 
below 0.01 Hz, this distance could exceed 10 km. In 
MT surveys in which data from a number of relatively 
closely spaced stations are recorded simultaneously, it is 
often more convenient and also more economical to use 
the magnetic fields from one base station as the refer- 
ence for the fields at the other stations rather than to 
establish an independent reference site far from all of 
the base stations. Thus it is important to study how 
severe the bias errors from correlated noise are likely to 
be over relatively short distances. 

We have performed MT soundings in San Antonio 
Valley, about 30 km south of Livermore, California, 
with the aim of determining typical correlation lengths 
for the magnetic noise. From these soundings we deter- 
mined the apparent resistivity as a function of fre- 
quency at a fixed base station with the usual remote 
reference method (Gamble et al., 1979a). In addition, 
we used a third magnetometer as a local reference 
whose distance from the base magnetometer could be 
varied from a few meters to several hundred meters. 
The fields from the local reference were recorded simul- 
taneously with those of the remote reference and were 
used to obtain an independent estimate of the apparent 
resistivity. This estimate was expected to be biased 
with respect to the remote reference estimate by the 
fraction of the noise power that was correlated between 
base and local reference magnetometers. 

THEORY 

~~ 
The surface impedance tensor Z(w) for a plane elec- - - 

tromagnetic wave normally incident on the earth is 
defined by 

where E(w) and H(w) are the Fourier transforms of the 
horizontal ( X J )  components of the, time-varying electric 
and magnetic fields, respectively. If there is noise 
(e.g., any non-plane-wave disturbance) in the fields, one 
estimates z j w )  by correlating the fields in Eq. (1) with 
a referengfield R to obtain (Gamble et al., 1979b) 

where [ER] and [HR] are 2 X 2 complex tensors of the 
form 

A,B: A,B; 

and the bars denote an average over data records 
and/or over a narrow band of frequencies. For exam- 
ple, for Zxy one obtains 

-___ 
E,R,’ H,R: - E,R: H,R; 

H~ R,’ H, R: - H, R; H~ R: 
(3)  zxy = - -- ___ . 

If the incident magnetic - fields have random polariza- 
tions so that H,R,’ = HyR: = 0, then Zxy = 

E,R,’IH,R,’. If one writes E~ = E,, + A,, H~ = 

Hyo + T ~ ,  Ry = Ryo + my, where A, and 7, are 
noise fields, (Y is a complex scale factor, and E,,, H,,, 
and Ryo are the MT signals that are uncorrelated with 
the noises, then for randomly polarized MT fields, 

-- 
- -- 

From Eq. (4) it is apparent that Zxy can be biased 
either upward or downward, depending on whether 
noise in the numerator or the denominator dominates. 
The bias errors tend to zero both as (Y --* 0 and as G - 
0; that is, as the phase of (Y becomes more random. If 
the noise field is generated by the number of indepen- 
dent sources, either electromagnetic or seismic, then the 
phase of (Y will fluctuate with time by an amount that 
increases in proportion to the separation between the 
reference and base station. If the phase fluctuations 
exceed ?r, the bias errors will tend to average to zero. 
Thus the phase fluctuations allow the possibility of 
obtaining unbiased estimates of the impedance tensor 

5 



even when the reference is relatively close to the base, 
so that a # 0. 

EXPERIMENTAL TECHNIQUES 
The experimental arrangement for determining the 

correlation length of the magnetic noise is shown in 
Fig. 1.. The horizontal component of the electric field 
was measured with three CuS04 electrodes arranged in 
an Lshaped array having a 200-m baseline. The com- 
mon electrode of the array was approximately 2 m from 
the recording vehicle. The magnetic fields were meas- 
ured with three 3-axis dc SQUID magnetometers of our 
own design (Clarke et al., 1983). The remote reference 
was only 800 m from the base magnetometer because of 
the constraints imposed by local topography and pro- 
perty boundaries. However, on the basis of results from 
a previous attempt at this experiment in the excessively 
noisy environment of the Livermore Valley, we expected 
that this separation from the remote reference would be 
adequate. Signals from the remote reference were 
transmitted to the base station via FM telemetry. 

The local reference magnetometer was set at dis- 
tances of 2, 100, and 200 m from the base magnetome- 
ter. Signals from both the base and local reference 
magnetometers were transmitted along coaxial cables to 
the recording vehicle. We eliminated any ground loops 
that could give rise to common mode signals by electri- 
cally insulating each magnetometer from earth ground 
and powering the magnetometers with independent sets 
of batteries. 

All data were processed by a battery-powered data 
acquisition system (Clarke et al., 1983). For the 
correlation-length experiment, we required the following 
eight channels of data: E,, E,, H,, H,, R,,, Rry, RlX, 
Rly ,  where Rr represents the remote reference and R, 

FM 
Receiver +MN 

Recordinq 
Vehicle 

FM 
Tmmrnitter 

0 Electrodes 

Moqnelometer Sites 

@ Bole 
A Local reference 

Remote reference 

Figure 1. 
Valley, California. [XBL 821 1-69001 

Magnetometer and electrode sites at San Antonio 

represents the local reference. The analog signals were ‘ 

suitably filtered with a matched set of Ithaco filters and 
were then digitized and Fourier transformed. The 
length of the 8-channel computer program restricted us 
to 512-point Fourier transforms rather than the 1024- 
point transforms that we generally use for MT. The 
program computed all of the necessary average cross- 
and autopowers and stored them on a floppy disk for 
subsequent processing. The floppy disk was an innova- 
tion that replaced the troublesome digital cassette 
recorder that we had used previously. It was powered 
by a dc/ac converter that was turned on for only the 
few minutes required to load computer programs and to 
dump data. 

RESULTS 
Our results are most conveniently expressed in terms 

of the apparent resistivities p and pxy defined by 
XY 

pjj = O.27/Zjj1* , 

where 7 is the period in seconds, Zij is in mV/km-nT. 
Figure 2 shows the curves for pxy and pyx as a function 
of 7 obtained using the remote and local magnetic 
references. Also shown are results obtained from self- 
referenced (Sims et al., 1971) or “least-squares” esti- 
mates of 2, which are computed by substituting the 
local magnetic fields H for R in Eqs. (2) to (4). The 
self-referenced results have the maximum possible bias 
errors because the noise in the local field is, by 
definition, perfectly correlated with the reference field. 
We see that for periods less than about 1 s the bias 
error is removed when the local reference is as little as 
2 km away from the base magnetometer. This result 
implies that the noise in this frequency range arises 
from the magnetometers. The magnetic noise due to 
Johnson noise currents in the copper shields surround- 
ing the magnetometers is estimated to be about lo4 
nT/Hz1i2; measurements of this noise are compatible 
with this value. A noise level of this magnitude could 
well account for the observed bias error, which would, 
of course, be removed by the use of a reference magne 
tometer arbitrarily close to the base magnetometer. On 
the other hand, the bias error at periods above 1 s is 
not entirely removed when the local reference is 2 km 
away. Particularly in the case of pyx one sees that the 
bias error at long periods decreases as the separation 
between the base and local reference magnetometers 
increases, becoming less than the random error at a 
separation of 200 m. 
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These results present clear evidence for a non-plane- 
wave contribution to the fluctuating fields that is corre- 
lated over distances of at least 200 m. At present, the 
origin of this noise is unknown: it could arise from the 
motion of the magnetometers due to seismic distur- 
bances or wind, from man-made sources such as power 
lines, or from the nature of the incident fields. It 
would be of considerable interest to extend these meas- 
urements to higher frequencies, using the quieter 
SQUID magnetometers now available, and to cross- 
correlate the magnetic noise with the output of sensitive 
tiltmeters mounted on the magnetometers. The experi- 
mentAescribed here could become a powerful technique 
for investigating the precise nature of the electromag- 
netic fields. 

From a practical point of view, these experiments 
demonstrate that one can use a remote reference magne- 
tometer as little as 200 m from the base station. Thus 

I 
I 

I 
200 m 200 rn 

I 1 

one can use the magnetometer at each of two MT sites 
only a few hundred meters apart as a remote reference 
for the other site. This technique doubles the rate at 
which MT data can be obtained, offering substantial 
savings in time and money. However, it should be 
emphasized that the results from this one set of experi- 
ments may not necessarily apply under all cir- 
cumstances; for example, severe seismic disturbances 
could conceivably produce correlated magnetic noise 
over very long distances. Thus some preliminary inves- 
tigations of the magnetic noise at a particular site 
might be advisable before large amounts of data are 
collected with a reference that is rather close to the 
base station. 
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TopoGRApHIC STRIPPING FOR tance, about 50 model dimensions from the center of 
MAGNETOTELLURIC INTERPRETATION the model. The electrode was oriented so that the 

resulting current flow was perpendicular to the strike 

E. Mozley 

The interpretational complexities of the magnetotellu- 
ric (MT) method may be compounded by field distor- 
tions caused by near-surface inhomogeneities. The 
degree of distortion depends on the size and shape of 
the anomalous zone and its conductivity contrast with 
respect to the background media. The most obvious 
source of field distortion in a mountainous region is 
local topography. This problem was considered in 
detail for the interpretation of MT data at Mt. Hood, 
Oregon, because it was assumed that the topographic 
relief around the stratovolcano might have biased previ- 
ous interpretations (Goldstein et al., 1982). The eleva- 
tions vary from 3400 m at the peak to only 600 m in 
some of the nearby valleys over lateral distances of tens 
of kilometers. 

To estimate the effects of this type of “geologic 
noise,” a set of two-dimensional MT models was calcu- 
lated for a symmetric topographic ridge and valley vary- 
ing 375 m in elevation over a lateral distance of 2.5 km. 
The earth’s resistivity was chosen to be a constant 100 
ohm-m. These values were appropriate to simulate the 
effects of local relief in the Mt. Hood area. 

The modeling results indicate that topographic distor- 
tion becomes significant only when the electric field is 
perpendicular to strike-i.e., when the electromagnetic 
field is polarized in the transverse magnetic (TM) 
mode. These distortions were then compared with the 
direct current (dc) solutions derived from a technique 
developed by Oppliger (1982) in which he uses a three- 
dimensional integral solution of Laplace’s equation. 
For that technique we use an elongate three- 
dimensional structure to approximate the twe  
dimensional model. A uniform current source was pro- 
vided by placing the source electrode at a large dis- 

direction. 
The first simulation considered was a simple ridge 

(Model A) with 20’ slopes (Fig. 1, top). The steps 
show the form of the rectangular cells used to apprpxi- 
mate the topographic feature. The solid smooth curve 
indicates the tangentially oriented cells that provide the 
integral solution to Laplace’s equation. The comparison 
between the electromagnetic response over a bandwidth 
of three decades (1.0-0.001 Hz) and the dc solution is 
shown at the bottom of Fig. 1. The similarity of the 
field response indicates that the distortion of the tellu- 
ric field below 1.0 Hz for this model may be well 
approximated by the dc solution. In this figure the 
total electric field perpendicular to strike is normalized 
by the undistorted field. The field distortion is over 
40% at some positions along the profile. A distortion of 
this magnitude would have a significant effect on the 
resulting apparent resistivities. 

The next simulation considered was a valley (Model 
B) with 20’ slopes (Fig. 2, top). Both the electromag- 
netic response from 1.0 to 0.001 Hz and the dc solution 
are shown in the lower part of the figure. As in the 
previous case, we find that electromagnetic distortion 
below 1.0 Hz may be well approximated by the dc solu- 
tion. 

These two models represent extreme examples of 
two-dimensional topography that could significantly 
affect the field measurements. The results indicate that 
the electric fields in the frequency range considered 
may be approximated by the dc solutions. The phase of 
the impedance for the TM mode was less than 4” at 
1.0 Hz. The plane-wave response for transverse electric 
(TE) source polarizations (electric field parallel to 
strike) is less than 10% in amplitude and 1’ in phase. 
The amplitude of the TM mode electric field is the only 
field component that was significantly distorted. This 
was expected, since the maximum dimension of the 
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Figure 1. 
pendicular to strike normalized by the undistorted field for the TM mode plane wave and dc responses. 

Topographic ridge Model A, showing the effects of topographic distortion on the electric field per- 

[XBL 8210-24871 

[XBL 8210-24881 

model (2500 m) is less than the half-space skin depth of 
approximately 5000 m. 

Described below is an example of the topographic 
stripping technique (Mozley, 1982) applied to actual 
three-dimensional topography around Mt. Hood, Ore- 
gon. 

REMOVAL OF TOPOGRAPHIC 
DISTORTION 

Since topographic distortion at frequencies below 
1.0 Hz is mainly galvanic, one may safely assume that 

the mutual coupling between various inhomogeneous 
structures, whether they are topographic or subsurface 
features, should not be a significant factor; i.e., the pro- 
perty of superposition commonly associated with the 
solution to Laplace's equation can be utilized to 
separate the effects of topography and buried anomalous 
zones. The problem of detecting and removing the 
effects of near-surface inhomogeneities is not new; one 
approach was presented by Larson (1977). However, 
the removal of the field distortion due to topography has 
not been investigated. The idea of normalizing the 
estimated impedance elements to compensate for the 
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topographically induced distortions was simplified, since 
the only field component that is significantly distorted 
is the electric field directed perpendicular to strike. 

The procedure is based on the assumption that the 
measured electric field in the vicinity of a topographic 
feature may be linearly related to a reference electric 
field free from the topographic distortion; i.e., 

E," (w) = d ( w )  E T f ( w )  . 

The distorted impedance is defined as 

which is related to the undistorted impedance by the 
relationship 

As evidenced by the model studies, the frequency- 
dependent distortion factor for d ( w )  may be well 
approximated by its dc value when the maximum 
dimension of the feature is much less than the wave 
skin depth in the media. 

To verify the assumptions used in this stripping pro- 
cedure, we tested Model C. It is the same as Model A 
except that all dimensions are' increased by a factor of 
two and a buried conductor is added (Fig. 4b). The 
distortion factor calculated using a model of the topo- 
graphic feature alone is provided in Fig. 3. The 

Figure 3. The dc distortion factor for the two-dimensional 
Model k [XBL 829-2409] 

10 

corrected electric fields are calculated for various fre- 
quencies using both the frequency-dependent and the dc 
distortion factors. The results are shown in Fig. 4. 
The solid line indicates the surface electric fields due 
only to the buried conductor. The squares indicate the 
corrected field using the frequency-dependent distortion 
factor, and the triangles depict the corrected fields util- 
izing the dc distortion factor. The procedure worked 
well at all frequencies considered for a frequency- 
dependent complex distortion factor. However, the dc 
distortion factor provided a reasonable correction only 
for frequencies below 0.1 Hz. The poor result obtained 
using the dc factor at 1.0 Hz is probably related to the 
size of the scatterer; the skin depth is approximately 
the dimension of the scatterer at this frequency. 

The topographic distortion factor may be extended to 
three dimensions through a matrix relationship that is, 
in general, a 2 X 2 tensor with complex elements: 

This may be written in vector notation as 

The distorted impedance tensor Z is related to the 
measured field components in the following way: 

Substituting Eqs. (1) and (3) into Eq. (2) gives 

where 

[Z]' = [D]- ' [Z]  

The distortion matrix D-' is defined as 
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Figure 4. The stripping technique applied to Model C, using both the dc and frequency-dependent distortion 
factors calculated from the response provided by Model A. [XBL 834-9420] 
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The undistorted impedance tensor Z' may be easily cal- 
culated once a forward simulation of the field response 
due to the topographic feature has been provided: 

[Z]' = 

[A(l)Zxx + A(3)ZyxI [A(1)Zxy + A(3)Zyyl 

[A(2)Zxx + A(4)ZyxI [ 4 2 ) Z x y  + 4 4 ) Z y y I  
* ( 5 )  

The topography of a 35-km2 area surrounding Mt. 
Hood was digitized and interpolated onto a 40 X 40 
element square grid, as depicted in Fig. 5. A vertical- 
tehorizontal scaling ratio of 2:l was used to enhance 
the topographic relief. The arrows indicate the field 
measurement sites. 

The forward models were used to calculate the distor- 
tion matrix. The diagonal components A(1) and 4 4 )  
of this matrix are shown in Fig. 6. The contours 
represent lines of equal field distortion. The unit con- 
tour indicates no distortion of the impedance tensor. 
Contour values >1.0 indicate that observed impedance 
elements would be biased downward. These contours 
usually coincide with positions of high topographic 
relief. Contour values 4.0 represent regions of abnor- 
mally high current density and are generally associated 
with topographic lows. Here the impedance measure- 
ments would be biased upward. 

Wcsi 

0 5 10 km 121°?A.32' 'u)s 
r 

The off-diagonal components of the distortion matrix 
represent that component of distortion due to a lateral 
deflection of the primary fields. The direction of this 
deflected current component is represented by the sign 
of the distortion element. These components, 4 3 )  and 
4 2 ) ,  are shown in Fig. 7. For these components the 
zero contour indicates positions where no distortion of 
the electric field is observed. For measurements within 
areas where these elements deviate significantly from 
zero, one could expect a resulting bias in the impedance 
estimates, 

A detailed examination of the distortion elements, 
presented in Figs. 6 and 7, indicates that the field 
measurement locations most affected by the topographi- 
cally induced field distortions are sites 3 and 3 k  
These sites are located on points of high elevation, 
approximately 10 km east of Mt. Hood. The dc distor- 
tion matrix was applied to these data, and the results 
are shown in Fig. 8. 

The apparent resistivities at site 3, located on a nar- 
row ridge connecting two topographic high points, are 
characterized by a three-decade separation between the 
diagonal impedance components. The ridge has steeply 
dipping slopes, with elevation changes of 450 m over a 
lateral distance of 1800 m. The diagonal distortion ele- 
ments presented in Fig. 6 are both near unity at this 
location, providing no evidence of distortion. However, 
the off-diagonal components shown in Fig. 7 deviate 

Mt, Hood 

0 IO 20 km 
1 

Figure 5. Three-dimensional topographic model used to simulate the dc response for the region around Mt. 
Hood. The arrows indicate the field measurement locations; a vertical-to-horizontal scaling ratio of 2:l was 
used to enhance the relief. [XBL 829-2404] 

12 



10 20 40 
Contour interval - 08 
Spatialunit -8607meters  Contour interval -. IO 

Spatial unit -860.7meters 

Figure 6. The diagonal components for the distortion matrix for the Mt. Hood model. [XBL 834-1770] 
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Figure 7. The off-diagonal components of the distortion matrix for the Mt. Hood model. [XBL 834-1771] 

1 3  



( 0 )  Apparent Resistivity pyx Site 3 
4,O 

3.0 

> 
> 
c .- .- 
c -2 2.0 
e! 

?! 
c c 

0 

0 
cp 
0 
J 

g 1.0 

a Corrected 
A Measured 

I 1 I I 
0 I .o 2*0 2 - 1.0 

-2,o -100 

(b) 
4,O 

3,O 

* 
w c - 
c 2 2.0 
?! 

?! 
c c 

0 

0 
cp 

g 1.0 

3 
C 

- 1.0 
-2 

Log period 

Apparent Resistivity pxv Site 3 
1 I 1 1 '  

I A A  

4 Corrected 
A Measured 

t 
I I I I 

I -I,O 0 I ,o 240 z 
Log period 

(C) Apparent Resistivity pyx Site 3 A  

3,O 

Corrected 
A Meosured 

- 1.0 
-2.0 -1.0 0 I .o 2.0 3,O 

Log period 
) 

(d )  
4,O 

3,O 

> 
> 
+ .- .- 
c .$ 2,o 
e! 

?! 
c c 

0 

0 
cp 
0 
J 

g I,O 

0 

1.0 
-2 

Apparent Resistivity ply Site 3A 
I I I I 

Corrected 
A Measured 

I 1 I I 

-loo 0 1.0 200 
Log period 

Figure 8. The corrected apparent resistivities calculated from he off-diagonal elements of the impedance ten- 
sor using the distortion matrix elements shown in Figs. 6 and 7 for (a) site 3-Zyx, (b) site 3-Zxy, (c) site 3A- 
Zyx, and (a) site 3A-Zxy. [XBL 834-1767] 

from zero by a significant amount, which indicates that 
current is laterally distorted in this vicinity. The 
effects of the resulting corrections of the apparent resis- 

, tivities are shown in Fig. 8(a and b). These corrections 
resulted in a smaller separation between the apparent 
resistivities calculated in the principal directions. How- 

ever, the topographic correction is small compared to 
what appears to be distortion caused by subsurface 
inhomogeneities. 

The second location affected by the terrain was site 
3 4  located on a peak east of Mt. Hood. Both diagonal 
distortion elements and the off-diagonal elements give 
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evidence of a significant amount of field distortion in 
this area. The results of the correction are shown in 
Fig. 8(c and d). They are similar to the TM mode 
response of the two-dimensional ridge model, indicating 
that the surface electric fields were reduced in ampli- 
tude on the crest of the ridge. However, both electric 
field components at site 3A were affected by the three- 
dimensional terrain, resulting in a corrected impedance 
with larger resistivities in both principal directions. 

This analysis implies that the topographic features in 
mountainous regions may significantly affect local 
impedance measurements. These sources of field distor- 
tion may be effectively removed by the simple stripping 
technique presented. The major limitation of the 
method is the difficulty of obtaining the solution of the 
general three-dimensional forward problem in electro- 
dynamics. For cases where the topography is 
sufficiently resistive, such that the dimensions of the 
topographic features are small relative to the skin depth 
of the media, one may calculate the distortion factors 
from the solution of Laplace’s equation. This scalar 
problem is much more amenable to accurate solutions 
representing realistic topographic features than the gen- 
eral electromagnetic problem. 

HYBRID MODELING MODIFICATIONS FOR 
MAGNETOTELLURIC DATA 

INTERPRETATION 

E. Mozley and K.H. Lee 

Magnetotelluric data acquired at Mount Hood, Ore- 
gon, give response functions that indicate three- 
dimensional effects (Goldstein et al., 1982). To inter- 
pret these data properly, it was first necessary to study 
the response from a suite of simple three-dimensional 
models that we hoped would reflect some of the 
observed characteristics. Several numerical techniques 
developed in the past few years can be used to obtain 
these simulations. 

The finite element technique has been used to model 
arbitrary conductivity distributions by various research- 
ers (Reddy et al., 1977; Pridmore, 1978). The method 
is quite expensive and requires a large amount of com- 
puter storage, since the entire earth must be discretized 
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into an element mesh. The finite difference modeling 
technique (Jones and Vozoff, 1978) has the same disad- 
vantages as the finite element method. A third tech- 
nique used extensively in three-dimensional magnetotel- 
luric problems is the integral equation method 
(Hohmann, 1975; Weidelt, 1975). This technique has 
the advantage that the discretized zone is confined only 
to the volume occupied by the anomalous conductivity 
structure. A usual assumption is that the secondary 
current distributions induced by the zone of anomalous 
conductivity are constant over each cell. This assump 
tion limits the accuracy of the method but provides a 
great deal of computational advantages. 

Finally, there is the hybrid modeling technique, 
introduced by Scheen (1978). This combines the versa- 
tility and accuracy of the finite element linear shape 
functions with the economical parameterization of the 
integral equation method. The hybrid modeling tech- 
nique was chosen for this study because of its availabil- 
ity and computational advantages. The details of the 
original version of the algorithm and the initial model- 
ing results were presented by Lee et al. (1981). The 
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general three-dimensional electromagnetic scattering 
problem was solved in terms of the secondary electric 
fields. 

This hybrid method involves discretizing the 
anomalous region and describing the field energy within 
the resulting mesh by a mathematical functional using 
the minimum theorem (Stakgold, 1968). The variation 
of the functional, found by setting the derivative of the 
functional with respect to the secondary electric fields 
equal to zero, provides a linear system of equations in 
the secondary electric fields. The solution of this sys- 
tem of equations provides the secondary electric fields 
that numerically satisfy the vector wave equation. This 
solution does not necessarily satisfy the correct internal 
boundary conditions. The finite element solution in this 
form assumes the continuity of all electric field com- 
ponents within the anomalous region. The physically 
defined boundary conditions at an interface between 
different conductivities results in the discontinuity of 
electric fields, which are required for the continuity of 
normal current. This omitted boundary condition, in 
conjunction with some numerical problems discussed 
later, resulted in a poor finite element solution. To 
correct this problem, a simple scheme was developed 
that enforces a continuity of current across internal 
boundaries. This scheme leads to a modification of the 
system of linear equations that are solved to yield the 
secondary fields. 

The total of the rescaled internal fields provides the 
source term in the volume integral part of the hybrid 
formulation. A numerical quadrature scheme was used 
to approximate the integration over each anomalous 
cell. This procedure was originally implemented using 
a fixed-order quadrature for all integrations, but since a 
major portion of the central processor time was devoted 
to the calculation of the Green’s functions, the order of 
the quadrature was a dominant factor in the overall 
computation costs. A first-order quadrature required 
one Green’s function compared to a third-order quadra- 
ture, which required the calculation of 27 Green’s func- 
tions. This cost dependence on the order of the quadra- 
ture required that a lower order be used for most 
models. This often resulted in large numerical errors, 
which decreased the convergence rates and, in some 
cases, caused the iterative procedure to diverge. 

To minimize both the error and the computation 
time, we made the quadrature integration adjust 
automatically to the inverse of the distance between the 
mesh boundary or the observation position and the 
anomalous cell being integrated. After studying the 

results obtained from a small suite of models, a 
second-order quadrature was established as a minimum 
requirement for the integrations used to calculate the 
updated boundary values on each iteration. The calcu- 
lation of the surface fields in the vicinity of the 
anomalous zone required third-order quadrature when 
this zone was located near the surface of the half-space. 
However, first-order quadrature could be safely used 
when the observation point was located several cell 
dimensions away from the scatterer. A clear criterion 
for adjusting the quadrature order was not established, 
because the order required for a given accuracy is a 
strong function of the model parameters. The adjust- 
ment procedure used for the models considered in this 
study is straightforward but expensive. For each gen- 
eral type of model at the highest frequency to be con- 
sidered, the order criterion was adjusted until the solu- 
tions no longer varied as the order of quadrature 
increased. This criterion was then used with all similar 
models. 

One of the most unexpected results encountered dur- 
ing the modification of the algorithm is that the inter- 
nal boundary conditions are not required for an accu- 
rate simulation of a resistive scatterer. For a conduc- 
tive body, a large component of the secondary currents 
is directed into or normal to the boundaries of the 
body. Therefore, the boundary condition enforcing the 
continuity of the normal component of current is a very 
important factor in accurately representing the electric 
fields for such models. For the resistive models, how- 
ever, the dominant components of the secondary 
currents are tangential to the boundaries of the 
anomalous zone. The smaller normal electric fields are 
probably dominated by numerical noise, and hence 
when these fields are scaled up by an order of magni- 
tude through the transformation required to enforce the 
internal boundary conditions, one obtains a poor solu- 
tion. This problem was resolved by using the modified 
finite element equations to define the fields only in the 
anomalous cells whose conductivity is more than the 
background conductivity. In anomalous cells where the 
conductivity is less than the background values, the 
normal linear equations were used. 

NUMERICAL CHECKS ON THE 
MODIFIED ALGORITHM 

A critical and sometimes difficult aspect of working 
with any three-dimensional electromagnetic modeling 
technique is verifying that the code provides an accu- 
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rate solution. Several checks can be used to evaluate 
the accuracy of the program; two fundamental ones are 
illustrated here. 

The first, and very diagnostic, test is to elongate a 
three-dimensional body and see if the fields measured 
across the center of the body approach the two- 
dimensional solution as the length of the scatterer 
increases. Results from such a test are shown in Fig. 1. 
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The scatterer has a strike length of 2850 m and a con- 
ductivity of 10 ohm-m and is buried in a 100-ohm-m 
half-space. This figure shows the electric field oriented 
perpendicular to strike and measured on a surface 
profile. The observation positions are denoted by the 
vertical arrows on the insert. The broken curve indi- 
cates the two-dimensional response of the body calcu- 
lated by means of the transmission-line analogy method. 
The frequency used for both models is 10 Hz. The 
solid circles indicate the results obtained with the origi- 
nal version. The same numerical accuracies on all spa- 
tial integrations were used to obtain these data. The 
differences between the data are due only to the missing 
internal boundary condition in the original version of 
the program. The close fit in amplitude (Fig. la) 
between the modified hybrid and the two-dimensional 
solution indicates that the hybrid algorithm provides an 
accurate solution for this elongate model. The phase 
response for the model at 10 Hz is shown in Fig. lb. 
Again, better agreement between the two-dimensional 
and modified hybrid results is evident. 

Another check is to compare the numerical results 
with those from an analog or tank model. This com- 
parison, made for a vertical dipole source-receiver with 
a fixed separation, is shown in Fig. 2. The solid lines 
indicate the tank model results obtained with the tank 

Y0dlfi.d 

Hyba OUADRATURE 

- 1000 0 1000 
m 

Figure 2. Comparison of the original hybrid version and the 
modified hybrid with the analog (tank model) solution. 
[XBL 829-2466] 
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modeling system described by Frischknecht ( 197 1). 
The open circles and crosses indicate the results 
obtained by the original hybrid version; the squares and 
triangles represent the results obtained by the modified 
hybrid program. The major improvement in the numer- 
ical results is in the in-phase component. The modified 
version provides results similar to those obtained from 
the analog model for both in-phase and quadrature com- 
ponents. 

The test results shown in Figs. 1 and 3 indicate that 
the modified algorithm provides solutions that can be 
considered to be reasonable approximations of the two- 
dimensional solutions for both conductive and resistive 
scatterers. 
Tests of the modified hybrid method were carried out 

for scatterers with different resistivity ratios (contrasts) 
to the half-space. These checks showed that the scheme 
gives accurate solutions for low-contrast scatterers (I 
20). At high contrasts (2 200) the technique produces 
inaccurate numerical solutions. 
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Figure 3. Comparison of the two-dimensional apparent 
resistivity and impedance phase with the response of an 
elongate threedimensional resistive body. [XBL 834-9204] 
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ASP A SUMMARY OF AUTOMATED 
SEISMIC PROCESSING CAPABILITY 

E.  L. Majer and T. V. McEvilly 

The concept of automated processing of seismic net- 
work data is not novel. Not until recently, however, 
has it been possible to demonstrate this capability in 
the field and at near real-time with the computational 
sophistication necessary for state-of-the-art research. 

The ASP, or Automated Seismic Processor, was 
developed to collect and to process microearthquake 
data in remote areas for geothermal exploration. Before 
ASP our microearthquake studies were expensive, time- 
consuming, labor-intensive endeavors. Because of the 
large volume of data (25-30 events/day, ML 1) 
obtained in some geothermal environments and the long 
processing time, microearthquake data were never fully 
analyzed to provide complete source parameter studies. 
Once collected, the data were often processed only for 
the most basic of parameters and only for selected 
events. If spectral parameters such as corner fre- 
quency, long period level, or high-frequency roll-off of 
the P- or S-waves were analyzed, they would very often 
be subject to the individual analyst’s bias in some 
visual curve-fitting routine. 

ASP was designed to alleviate these shortcomings of 
microearthquake studies. The most restrictive design 
criterion for ASP is that the system be capable of 
operating while unattended in harsh environments 
(-30°F to 120°F) and without ac power. The desired 
system also must have the processing speed to carry out 
relatively sophisticated analyses in reasonable time 
periods (full analysis of one event per minute including 
data I/O), and it must handle high-frequency data (I 
50 Hz) with a simple operational mode. 

ASP is designed as a parallel processing device to 
monitor up to 127 incoming data channels. A worker 
microprocessor computer on each channel automatically 
detects P- and S-waves, measured arrival times and 
amplitudes, and computes and fits FFTs for both P- and 
S-waves to data sampled at 100 samples/s. The original 
time series is not saved, although the capability exists 
to do so. It was felt that by saving the relatively few 
critical parameters (P-time, S-time, amplitudes, P-wave 
polarity, the long period level, corner frequency, and 
high-frequency roll-off of the P-wave and S-wave spec- 
tra for each event at each station), there would be 
enough data to carry out almost any desired processing. 

These data from each worker are then associated for 
event detection and processed with another microproces- 
sor computer, or BOSS, for hypocenter location, run- 
ning bvalues, source parameters, event count, and P- 
wave polarities. 

To achieve these processing goals in the desired time 
using dc power requires the use of CMOS technology. 
The first field version of the ASP (McEvilly et al., 
1980) was designed totally around the CMOS RCA 
1802 microprocessor. At that time the 1802 was the 
only viable CMOS device on the market. However, it 
was relatively difficult to program (assembly language), 
and the 1/0 was not user oriented. Because of its rela- 
tively slow speed, the algorithms employed had to be 
extremely efficient and/or simple. This somewhat lim- 
ited the analysis techniques. The situation was 
improved markedly with the addition of an Advanced 
Micro-Devices 951 1 arithmetic processor chip, which 
cut the calculation time in the BOSS from 80 s to 5 s. 
A second problem was the relatively slow data output, 
which was remedied by switching from a 300-baud 
printer to a 9600-baud cassette recorder. However, two 
major problems remained with the initial version of 
ASP the lack of user convenience (difficult data 1/0 
formats and the considerable effort required to repro- 
gram in assembly language) and the necessarily rela- 
tively unsophisticated computational techniques em- 
ployed (e.g., the moment tensor calculations could not 
be implemented, and the location program used only a 
constant-half-space velocity model). For details of the 
WORKER and ASP architecture, see McEvilly and 
Majer (1982). 

1982 RESULTS 
To remedy these problems, the original configuration 

of ASP was modified. The BOSS was relieved of the 
majority of its processing duties and was reprogrammed 
to be an “event verifier.” In the present configuration, 
the BOSS collects data from the WORKERS and deter- 
mines the validity of an event from the number of 
arrivals within a specified time. If valid, the data are 
then passed to another microprocessor computer, or the 
MASTER, for detailed processing. The MASTER is a 
DEC LSI 11/23 computer. The 11/23 has the advan- 
tage of being FORTRAN programmable and, because 
of its widespread usage, has an abundance of software 
tools readily available. Moreover, because of its paging 
capability, a large amount of program space (512 
kbytes) can be addressed. 
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In addition to the processing previously carried out 
by the old BOSS, the MASTER has an updated location 
program, a moment tensor inversion scheme for princi- 
pal stress directions, and a Wadati analysis for the 
V,/V, ratio. The new location scheme utilizes the p r e  
viously used constant-velocity half-space model as an 
initial guess for hypocenter location. The second part 
of the location routine then uses a nonlinear least- 
squares analysis to estimate the final location using as a 
model a layer with a velocity gradient (both P and S) 
over a constant-velocity half-space. The moment tensor 
inversion uses as input data the normalized moment of 
the P-wave, as calculated from the P-wave spectra using 
Brunes’ model, with the sign (+ or -) of the P-wave 
first motion. Inversion of the equation U = GM(where 
U = the signed P-wave moments, G = half-space far- 
field Green’s function, and M = second-order moment 
tensor) is accomplished by singular value decomposition 
and Levenberg-Marquart analysis (Lawson and Hanson, 
1974). A simple Gaussian elimination method could 
have been employed, but the procedure is not as robust. 
Values are calculated for the moment tensor elements, 
the eigenvectors and eigenvalues of the moment tensor, 
and the condition number of the solution matrix. From 
these values the principal stress components are 
obtained as well as the strike, slip, and dip directions 
for the equivalent fault. The last addition was a 
Wadati analysis of S-P times to infer an average V , / V ,  
ratio, which yields a value of Poisson’s ratio for each 
event. 

Figure 1 shows the “screens” from which the user 
interacts with ASP. Stored default parameters include 
station locations and all model values for a “calibration 
earthquake,” which provides a test for the system. 

The MASTER is normally turned on by the BOSS 
only when events occur for power conservation. At any 
time during which data are not being transferred to the 
MASTER by the BOSS, or processing is not occurring, 
the USER can turn on the MASTER and examine or 
change the files of the MASTER selection list in Figure 
1. For example, by typing the letter “M,” the process- 
ing mode list is displayed and the user can select the 
processing sequence. RESET resets all parameters to 
default values; this is not usually done unless a system 
check is to be carried out with the “calibration earth- 
quake.” The command SP stores the present parameters 
and station values on a cassette tape (TU-58 dual tape 
drive) for simple restart in case of power failure or sys- 
tem crash. The command LP loads these parameters 
into the MASTERS memory. If the MASTER is busy 

processing an event (maximum time -20 s), or if a 
user is changing parameters when the BOSS detects an 
event, the BOSS will wait until the MASTER is free to 
accept data for processing; after sending the data, 
BOSS returns to the waiting mode for another event. 

In the station and worker parameter, NS = total 
number of stations being used. COORD is the coordi- 
nate type (0 for coordinates entered in degrees and 
decimals; 1 for Cartesian coordinates), Z is the eleva- 
tion of the station in kilometers, and SC is a station 
correction that is either added or subtracted from the 
P-time. N, KD, KS, IS, and ‘ITH are worker parame- 
ters that deal with data smoothing and event detection 
and timing. G is for gain correction. Each worker has 
an instrument response built in with an assumed gain of 
60 db, i.e., 60 db = 1. If the actual gain is different, 
then G can correct for this. G can also be signed (i.e., 
+ or -). This is to correct for geophones of different 
polarity at individual sites. 

In the first- and second-level parameters, NMIN is 
the minimum number of P-times that must be received 
by the BOSS in TW seconds. DTMAX is the average 
maximum S-P time for a particular event; if exceeded, 
the location is not calculated. NB is the number of 
events between bvalue calculations. SLMIN is used in 
the location program to screen out bad S-time readings; 
i.e., for an S-wave to be used, it must have a quality 
equal to or exceeding SLMIN times the quality of the 
P-wave quality. MNPTDF is a “deglitching” parame- 
ter. For an event to be valid, it must have a minimum 
time between the first P-time and last P-time of 
W D F  seconds. VP and VPVS are used for the P- 
and S-wave velocities in the half-space underlying the 
velocity gradient layer. PVC and SVC are the surface 
velocities of the P- and S-waves for the station elevation 
corrections. FQMIN and SQMIN are minimum P- and 
S-wave qualities required before the P- and Stimes can 
be used for location or for spectral analysis. W is the 
S-time weighting to be used in the location program. 

In the third-level parameters, BVPMN and BVSMN 
are the minimum amplitudes to use for bvalue calcula- 
tions (range of amplitudes can go from 1 to 32767, i.e., 
Idbi t  precisions). VPGR, VSGR, KOP, KOS, H1, 
SL1, and SL2 specify the velocity parameters in the 
layer that overlies the half-space for the location rou- 
tine. AVELAT is the average latitude of the array 
being used in order to correct for north-south position 
on the earth. 

In the mode table, a user can select which processing 
is to be done for each event. For example, in modes A 
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F i r s t  b Second L e v e l  Params 

N M I N  2 min s t a t i o n s  
n 4  2.00000 time window 
I?nlAX 3.00000 mdX DT 
NB 4 b-va l  # e v e n t s  
SLMIN 4 .00000  min s - q u a l  for l o c n  
MNPTDF 0.00000 min PT d i f f  

VP 6.00000 P v e l  
VPVS 2.00000 P/S r a t i o  
PVC 0.00000 PI‘ e l e v  c o r r  
svc 0.00000 
PQMIN 4.00000 
SQMIN 8.00000 
W 1.00000 

ST e l e v  c o r r  
P q l i a l  
S q u a l  
S t i m e  w e i g h t  

Au tomat i c  S e i s m i c  P r o c e s s o r  MASTER S e l e c t i o n  

S n  S t a t i o n  & Worker Params 
1 F i r s t  & Second Level Params 
3 T h i r d  L e v e l  Params 
M Modes 
0 O p t i o n s  

RESET Reset t o  D e f a u l t s  
PP P r i n t  Params 
SP S t o r e  Params 
LP Load Params 

Q Q u i t  

T h i r d  L e v e l  Params 

BVPMN 
BVSMN 
WADMN 
VPGR 
VSGR 
KOP 
KOS 
H1 
SLl 
SL2 
AVELhT 

100 
100 
5.00 
0.20 
0.10 
4.00 
2.00 
10.00000 
0.00000 
0.00000 

38.00000 

min P/B 
min S/B 
min S-P for w a d a t i  
P v e l  g r a d  
S v e l  g r a d  
s t a r t  Pwave v e l  
s t a r t  Swave v e l  
d e p t h  t o  h a l f - s p a c e  
s l o p e  N S  
s l o p e  Ew 
a v e r a g e  l a t i t u d e  

Q u i t  

X E x i t  

S t a t i o n  & Worker Params 

S 1 s t a t i o n  (1..15) 

NS 
coom 
U T  
LONG 
Z 

7 
1 

27.00000 
10.00000 
0.00000 

# S t a t i o n s  (1. .15) 
C o o r d i n a t e  Type (O=deg, l=km) 
c o o r d s  N+, E+ 

Q 

Modes - 
1 
0 
0 
4 
0 
0 
0 
0 
0 
0 

Debug 
Even t  Count 
Bvalue  
L o c a t i o n  
P o l a r i t y  
FFT Raw D a t a  
S t a t i o n  Data  
Average  S t a t i o n  Data 
Moment 
Wada t i  

A 
B 
C 
D 
E 
F 
G 

I 
J 

n 

sc 0.00000 c o r r  

window len  (16 /32)  
P t r i g  l e v  (2..10) 
S t r i g  l ev  (2..10) 
S t i m e  t h r e s h  (10..16) 
P t i m e  t h r e s h  (10..16) 

N 
Kp 

KS 
LS 
TTH 

16 
4 
2 
12 
12 

G 1 g a i n  ( 1. .32767 ) 

Q q u i t  Q Quit  

Figure 1. “SCREENS” commands for ASP setup and parameter selection. 

and Debug, all data from WORKERS and the fourth 
level of location data results are printed out. In this 
mode no other processing is done. 

Figure 2 shows an example of the maximum level of 

EVALUATION AND FUTURE WORK 
Although ASP was originally designed for 

microearthquake analysis with the closely spaced net- 
works typically used in geothermal exploration, the pro- 
cessing power and convenience have opened up many 

processing and printout available for a 14station event 
detection. 
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I .  205 16 21 16 

ASP Ready 

Dsbug Mode 

D a t e :  20s. T i m . :  16 21 I6 

STA 

1 
2 
3 
4 
5 
6 
7 
8 
9 

IO 
11 
12 
13 
1s 

STA 

I 
2 
3 
4 
5 
6 
7 
e 
9 
10 
I1 
12 
13 
IS 

STA 

I 
2 
3 
4 
S 
6 
7 
8 
9 
10 
I1 
12 
13 
15 

STA 

1 
2 
3 
4 
S 
6 
7 
8 
9 

IO 
11 
12 
I3 
1s 

STA 

1 
2 
3 
4 
5 
6 
7 
8 
Y 
10 
I1 
12 
13 
1s 

PT 

76S2. 
76S2. 
76S2. 
76S2. 
7642. 
7642. 
7642. 
7642. 
7672. 
7673. 
7672. 
7672. 
7707. 
7632. 

PP 

-11. 
-11. 
-13. 
-9. 
-7. 
- 8 .  

-11. 
-9. 

-10. 
0. 

-10. 
-10. 
-11. 
-14. 

PSL 

64. 
64. 
64. 
64. 
32. 
32. 
32. 
32. 
64. 
64. 
64. 
64. 
64. 
32. 

S T  

770s. 
770s. 
770s. 
770s. 
7765. 
7765. 
7761,. 
7761,. 
7826. 
7826. 
7826. 
7826. 
7886. 
7741. 

SSL 

128. 
128. 
128. 
128. 
64. 
64. 
64. 
64. 
128. 
12a. 
128 
128. 
128. 
64. 

PA 

102s. 
1826. 
1827. 
1827. 
1807. 
1806. 
1807. 
1806. 
1796. 
1797. 
1796. 
1798. 
1823. 
18SO.  

PFO 

38. 
38. 
38.  
38. 
16. 
16. 
16. 
16. 
38. 
38. 
38. 
38. 
38. 
16. 

DT 

133. 
133. 
133. 
133. 
123. 
123. 
123. 
123. 
154. 
153. 
lS4. 
lS4. 
179. 
109 ~ 

SFO 

63. 
63. 
63. 
63. 
32. 
32. 
32. 
32. 
69. 
69. 
69. 
69. 
63. 
32. 

PO 

4. 
4. 
4. 
4. 
4. 
4. 
4. 
4. 
4. 
4. 
4. 
4. 
4. 
4. 

PLP 

32212. 
32212. 
32212. 
32212. 
31926. 
31908. 
31908. 
31908. 
32032. 
30682. 
32032. 
32032. 
16.535.. 
16414. 

SA 

S043. 
S037. 
S039. 
S037. 
S017. 
S014. 
S013.  
S016. 
4885. 
4889. 
488'5. 
4886. 
49SO. 
S061. 

SLP 

24070. 
24070. 
24070. 
24070. 
21804. 
21802. 
21802. 
21802. 
23884. 
23884. 
23884. 
23804. 
24376. 
223S4. 

PEX 

-8. 
- 8 .  
-8.  
- E .  
-9. 
-9. 
-9. 
-9. 
-8 .  
-8 .  
-8 .  
-8 .  
-7. 
- 8 .  

so 
13. 
12. 
13. 
12. 
13. 
13. 
13. 
13. 
12. 
12. 
12. 
12. 
12. 
12. 

SEX 

4.  
-S. 
-S. 
- S .  
-6. 
-6. 
-6. 
-6. 
-5. 
- 5 .  
-5. 
-s . 
-S .  
-6. 

PG I PGF 

2. 7298. 
2. 6751. 
2 .  8568. 
2. 7298. 
3. 23S37. 
3. 241.57. 
3. 241S7. 
3. 24157. 
2. 8753. 
2. 875.3. 
2 9307. 
2. 8022. 
2. 8384. 
3. 23407. 

S G X  SCF 

2. 22394. 
2. 22394. 
2. 22394. 
2. 22394. 
2. 17208. 
2. 19256. 
2. 19256. 
2. 20002. 
2. 15330. 
2. 15330. 
2. 15330. 
2. 15330. 
2. 17152. 
2. 17208. 

PAAVE SAAVE AVEDT 
1813.6 4983.7 1.28 

NDTO NUTI NDT2 NDT3 0. 
0 .  1. 0 .  

Station vlth First Arrlval - IS 

205:16:21:16 

Station Latitude Longitude Elevation Time Yelght Model 

I 5 . 0 8 0  
2 5,190 
3 4.920 
4 3.770 
S 2.770 
6 2.640 
7 3.650 
8 S.190 
9 3.680 
10 4.580 
11 3.060 
12 4.860 
13 0.109 
IS 0 .05s  
I S . 0 8 0  
2 s. 190 
3 4.920 
4 3.770 
S 2.770 
6 2.640 
7 3.6S0 

9 3.680 
10 4.seo 
I1 3.060 
12 4.860 
13 0.109 
I5 0.055 

e 1.190 

1.880 0.000 
3.150 0.000 
4.020 0.000 
2.800 0.000 
2.770 0.000 
S.260 0.000 
S.300 0.000 
s.000 0.000 
4.4SO 0.000 
3.S90 0.000 
3.600 0.000 
3.720 0.000 
-0,109 0.000 
-0 .oss 0.000 
1.880 0.000 
3.180 0.000 
4.020 0.000 
2.800 0.000 
2.770 0.000 
S.260 0.000 
S.300 0.000 
s).ooo 0.000 
4.4SO 0.000 
3.S90 0.000 
3.600 0.000 
3.720 0.000 

-0,109 0.000 
-0.05s 0.000 

0.20 1.0 1. 
0.20 1.0 I .  
0.20 1.0 1.  
0.20 1.0 I 

Initial E8tImat*s 
Time = 0.31S6 Lar. = 

Station Model Rang. 

1 1.00 3.33 
2 1.00 2.97 
3 1.00 2.69 
4 1.00 1.74 
s 1.00 1.02 
6 1.00 1.67 
7 1.00 2.17 
8 1.00 3.23 
9 1.00 1.65 

10 1.00 2.33 
I1 1.00 0.82 
12 1.00 2.61 
13 1.00 4.29 
IS 1.00 4.27 
I 2.00 3.33 

3 2.00 2.69 
4 2.00 1.74 
s 2.00 1.02 
6 2.00 1.67 
7 2.00 2.17 
8 2.00 3.23 
9 2.00 1.6s 
10 2.00 2.33 
I1 2.00 0.82 
12 2.00 2.61 
13 2.00 4.29 
IS 2.00 4.27 

2 2.00 2.97 

2.8317 

Azim~th 

328. IS 
3SO.S6 

8.12 
331.27 
301.73 
7s. 87 
49.6s 
24.84 
29.37 

3S8.80 
3S7.31 

1.78 
240.67 
239.69 
328.15 
350.56 

8.12 
331.27 
301.73 
7S.87 
49.6s 

29.37 
358. BO 
3S7.31 

1.78 
240.67 
239.69 

a4.04 

Long. - 
TOA 

149.S7 
152.40 
154.75 
163.22 
170.04 
163.89 
159.28 
1SO. 30 
164.06 
lS7.90 
171.92 
1S5.48 
142.41 
142. SS 
149.7s 
lS2. S8 
lS4.92 
163.33 
170.11 
164.00 
159.41 
ISO. 48 
164.17 
l S 8 .  04 
171.98 
1SS. 64 
142.62 
142.76 

0.40 1.0 1. 
0.41 1.0 I .  
0.40 1.0 1.  
0.40 1.0 I 
0.75 1.0 1. 
0.00 1.0 1.  
1.53 1.0 2. 
1.53 0.9 2. 
1.53 1.0 2. 
1.53 0.9 2. 
1.33 1.0 2. 
1.33 1.0 2. 
1.33 1.0 2. 
1.33 1.0 2. 

0.9 2. 1.94 
1.94 0.9 2. 

1.94 
2.54 0.9 2. 
1.09 0.9 2. 

1.94 0.9 0.9 2. 2. 

2.6146 

T i s .  

0.20 
0.20 
0.20 
0 . 2 0  
0.10 
0.10 
0.10 
0.10 
0.40 
0.41 
0.40 
0.40 
0.7) 
0.00 
1.53 
1.53 
1.53 
1.53 
1.33 
1.33 
1.33 
1.33 
1.94 
1.94 
1.94 
1.94 
2.54 
1.09 

Depth - 1.SOOO 

Uaight R.sxdu.1 

1.0 -0.094 
1.0 -0.063 
1.0 -0.041 
1.0 0.022 
1.0 -0.048 
1.0 -0.075 
1.0 -0.104 
1.0 -0.186 
1.0 0.226 
1.0 0.196 
1.0 0.2S8 
1.0 0.166 
1.0 0.3SE 
1.0 -0.390 
1.0 -0.20s 
0.9 -0.149 
1.0 -0.109 
0.9 0.003 
1.0 -0.143 
1.0 -0.191 
1.0 -0.243 
1.0 -0.390 
0.9 0.421 
0.9 0.349 
0.9 0.477 
0.9 0.313 
0.9 0.630 
0.9 -0.816 

ICV = 0 IER = 4 NDF I 24 STR I 0.3137 STE = O.OSO0 

ITER- 8 FSSR- 0.23098E*01 P U P -  0.29618E-OS FCON- 0.16691E*03 

Emtimat. U-ight 5TD ERR 1 STD ERR 2 
Tzm. -1.5788 1.0000 0.2146 0.0342 
Lat 2.2292 1.0000 0.0101 0.0016 
Long. 3.6388 1,0000 0.0097 0.0016 
h p r h  7.0497 1.0000 0.9613 0.1532 

ALE - 86.4387 AMI * 2.7926 AM2 - 3.0938 

Figure 2 (above and facing page). Example of full output for a 14-station event detection. 
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1 - I 1  
2 -11 
3 -13 
4 -9 
5 -7 
6 -8 
7 -I1 
8 -9 
9 -IO 
10 0 
1 1  -10 
12 -10 
13 -11 
15 -14 

..... P FFT Raw Data 
Station Fo lnrl  LPL 

1 29.7 0.13E.03 
2 29 7 0.13E.03 
3 29.7 0.13E.03 
4 29.7 0.13E.03 
5 25.0 0.628102 
6 25.0 0.62E*02 
7 25.0 0.62E.02 
8 25.0 0.62E.02 
9 29.7 0 . 1 3 E 1 0 3  
10 29.7 0.12E.03 
1 1  29 7 0 . 1 3 E * 0 3  
12 29.7 0.13E103 
13 29.7 0.13E.03 
15 25.0 0.64E.02 

S FFT R a w  Data 

Station Fo I H z l  

1 24.6 
2 24.6 
3 24.6 
4 24.6 
5 25.0 
6 25.0 
7 25.0 
B 25.0 
9 27.0 
10 27.0 
11 27 0 
12 27.0 
13 24.6 
15 25.0 

.---- station oat. 

StatLon 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
15 

Statlo” 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
15 

LPL 

0.75E*03 
0.75E.03 
0.75E.03 
0.75E.03 
0.34E.03 
0 . 3 4 E . 0 3  
0.34E103 
0.34E.03 
0.75E.03 
0.75E.03 
0.75E.03 
0.75E+03 
0.76E.03 
0.35E.03 

Pmoment 
dyne-cm 

-0.70E120 
0.69E120 
0.6BE120 
-0.6SE120 
0.32E.20 
-0.16E.20 
0.16E*20 
-0.439119 
-0.16E120 
0.20E119 
0.32E.20 
-0 331-20 
-0 24E.19 
-0.12E.19 

Smomenr 
dyne - cm 

0.15E.20 
O.l5E*20 
0.14E120 
0.14E+20 
0.62E119 

0.64E.19 
0.67EilY 
0.14E+20 
0.14E+20 
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0.73E.04 0.12E+Ol 
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cm 
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0 70E.04 
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0.7BE+O4 
0.77E.04 
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-1.97 2.12 -4.13 0.22 2.63 -2.43 
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--.*. UADATI 

The Calculated VPlVS ratlo = 1.94 Average 5 - P  time - 1.28 
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new areas of use. ASP has been used for geothermal 
reservoir monitoring (Cerro Prieto, Mexico, and The 
Geysers, California), induced seismicity studies (Raft 
River, Idaho), aftershock sequence monitoring (Liver- 
more Valley, California), volcanic hazard studies 
(Mammoth Lakes, California), and underground 
nuclear test monitoring (Nevada Test Site). 

An exciting possibility for the future is the "ASP- 
style" approach to acoustic emission monitoring, where 
discrete events in the 0.1-100 kHz frequency range are 
treated as earthquakes and the source parameters are 
determined automatically. Acoustic emission monitor- 
ing is important in nuclear waste isolation studies, 
hydrofracture monitoring, well-stimulation projects (oil, 
gas, or geothermal), and in rockburst or roof-fall warn- 
ing systems. It is clear that the ASP-style approach to 
infield data handling and analysis has application at 
varied scales to a range of seismological and other g e e  

A Zl/ZDIMENSIONAL NUMERICAL 
SOLUTION FOR THE ELECTROMAGNETIC 

SCA'ITERING USING A HYBRID 
TECHNIQUE 

K.H. Lee and H.F. Morrison 

The electromagnetic (EM) method has been used for 
a wide variety of applied geophysical problems. A con- 
siderable number of techniques for both airborne and 
ground exploration have been developed and utilized in 
the search for conductive (sulfide) mineral deposits 
(Ward, 1967). Some of these techniques and metho- 
dologies have also been adapted to groundwater explora- 
tion and, more recently, to geothermal, uranium, and 
fossil fuel exploration. Since the introduction of the 
magnetotelluric technique in the 1950s and the large- 
moment, controlled-source EM techniques in the 1970s, 
the electromagnetic method has been used increasingly 
for basic crustal investigations to depths of 10 km or 
more, such as in deep sedimentary basins, in orogenic 
zones, and at active plate margins. 

An important applied problem studied at Lawrence 
Berkeley Laboratory (LBL) is the use of EM techniques 
for geothermal reservoir exploration and delineation. 

physical problems. One indication of confidence in the 
potential of ASP is that it has been produced commer- 
cially by Sprengnether Instruments, Inc., for use in a 
variety of applications. 
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Both controlled-source EM and magnetotelluric tech- 
niques have been used at a number of hydrothermal- 
geothermal prospects and reservoirs in Nevada (Wilt et 
al., 1982). This research has led to the development of 
several techniques that provide high-quality field data. 
The problem remains of how to interpret these data 
where complex geologic structures exist and simple 
one-dimensional (layered earth) inversions cannot be 
safely applied. For these problems we rely on either 
numerical solutions or laboratory measurements made 
on carefully constructed scale models. Only a limited 
number of model tank results are available because of 
the difficulty of constructing models with the appropri- 
ate conductivities and geometries for each area investi- 
gated. Numerical computation techniques exist and are 
amenable to simple twe  and three-dimensional models. 
The problem with many numerical techniques is the 
trade-off between accuracy and computation costs. 
Therefore, we have addressed the problem of developing 
faster numerical algorithms for EM interpretation 
without sacrificing accuracy. 

Geologic models in which the electrical parameters 
are invariant with strike constitute an important class of 
targets for electromagnetic exploration. A numerical 
solution for this class of models was obtained using the 
finite element method (Lee, 1978). In this technique 
the entire model is represented by a mesh composed of 
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volume elements, each of which is assumed to have con- 
stant electrical properties. The computing costs are 
usually prohibitive, mainly because of the large number 
of elements. Another disadvantage of the technique is 
the lack of accuracy in the numerical solution for 
models in which the discontinuity of lateral conduc- 
tivity distribution is located close to the surface of the 
earth. 

To overcome these limitations, we have developed a 
new, eficient numerical solution based on the hybrid 
technique (Lee et al., 1981)-a technique that makes 
use of both the finite element and the integral equation 
techniques. The finite element method is used for the 
internal solution to an anomalous conductivity structure 
embedded in a layered earth, and the integral equation 
is used for the external-layer/boundary-value problem. 
The solution obtained in this manner tends to be more 
accurate than the one obtained by the finite element 
method alone. The major improvement with this tech- 
nique is in the computing speed, often an order of mag- 
nitude faster than the finite element solution. 

THEORETICAL DEVELOPMENT 
If a twedimensional (infinite strike length) conduc- 

tor exists in the lower half-space of an otherwise lay- 
ered earth (Fig. l ) ,  one may approximate the elec- 
tromagnetic variational integral as the sum 

(1) 

where vi is the ith discrete wave number in the strike 
direction and 

Air, cr =O 

Layer, cr = crl 

Half space 
u=u2 

u =cr3 

Figure 1. A conductor (V) buried in the lower half-space of 
a layered earth. Current and magnetic sources are outside 
the conductor, whose surface is a?‘. S is the cross section of 
V i f  it is two dimensional. [XBL 8212-43811 

+ [ 2 - j v i E x ] ’ } ]  dx dz . ( 2) 

In Eq. (2), E is the electric field, k is the wave number 

and L is the half-strike length of the conductor charac- 
terizing the periodicity of the two-dimensional struc- 
ture. Using the finite element method (Zienkiewicz, 
1977), we evaluate Eq. (2) as 

Z ~ { B ( ~ ~ ) }  = K E . 
= -  - 

According to the variational principle, this reduces to a 
set of simultaneous equations 

K E = O ,  - -  - 

which in turn may be partitioned into 

the upper portion of which suggests 

E .  - 1  = -5;‘ - Kib Eb . - 

Here the subscripts i and b indicate “internal” and 
“boundary,” respectively. For example, if Fb were 
prescribed, we could solve for E.. -1 

The field equations defined on the surface dV can 
also be derived independently from the finite element 
equation. The result is an integredifferential equation 
governing the tangential electric field and the rotation 
of the electric fields as F approaches the surface dK 
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where Q ( F )  is the normalized angle at i subtended by 
the volume to be integrated in that vicinity and 
subscript p refers to the incident electric field at i that 
would exist in the absence of the two-dimensional inho- 

mogeneity. G ( F / F ’ )  and G \ r / i ’ )  are Green’s 
functions representing electric fields at i due to electric 
and magnetic current sources at F’. Performing a 
Fourier transform on Eq. (4) in the strike direction for 
discrete harmonics vi gives 

=El =EM, - 

where 5 and 5‘ are position vectors defined on the two- 
dimensional cross section s. 

The hybrid technique is initiated by transforming EQ. 
( 5 )  into a numerical integral equation by rewriting the 
tangential magnetic field in terms of the tangential 
electric field by making use of the numerical relation 
given in Eq. (3) and Maxwell’s equation V X E = 
- j u g .  The magnetic field external to the conductor 
may be computed by taking the curl of Eq. (9, where 
Q(5) becomes unity: 

After obtaining these solutions at 5 for a number 
harmonics (vi,i = 1,N; typically N = 15), the inver 
Fourier transform is carried out to yield solutions at 
in the spatial domain. 

NUMERICAL EXAMPLE 
The algorithm has been coded for use on Lawrence 

Berkeley Laboratory’s CDC 7600 computer, and the 
code was tested against the results of a simple tank 
model. The model is a vertical slab measuring 12 m 
horizontally and 60 m vertically with resistivity 2.63 
ohm-m. The slab is buried 10 m below the surface of 
the earth in material of 100 ohm-m resistivity. A verti- 
cal transmitter-receiver pair separated by 12 m is flown 
20 m above the surface of the earth. The magnetic 
field computed at the receiver (H, )  is plotted at the 
array center in ppm. The numerical solution is com- 
pared with results obtained from the tank model at the 
Richmond Field Station, University of California. Also 
plotted is a modified version of the finite element solu- 
tion. The straightforward finite element method pro- 
duces an electric field everywhere. Instead of taking 
the numerical derivations of the electric field, we obtain 
a better result for the magnetic field by integrating the 
scattering current multiplied by the Green’s function 
over the conductor. This is called the finite- 
element/Green’s-function solution. for the 3@Hz 
response, the numerical results show good agreement 
with those of the tank model (Fig. 2). With the fre- 
quency increased to 263 Hz, both numerical solutions 
show smaller peak anomalies than the tank model 
results. In particular, for the in-phase component, the 
hybrid solution differs by 100% from the tank model 
results, and the finite-element/Green’s-function solution 
becomes somewhat unstable. 

The major improvement achieved by the hybrid solu- 
tion is in its fast computation time. A comparison 
between the hybrid solution and the finite- 
element/Green’s-function solution is made in terms of 
CP time and cost in Table 1 .  The table is based on 
model results shown in Fig. 2; computations were made 
on the CDC 7600. 
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Figure 2. (Top) Path of coaxial transmitter-receiver pair 
separated by 12 m and flown 20 m above a vertical tabular 
conductor 
response 
response. 

Table 1. 

embedded in the earth. (Middle) The 3GHz 
in ppm for H,. (Bottom) The 263-Hz 
[XBL 8212-43821 

A comparison of the hybrid and finite- 
element/Green’s-function solution. 

Frequency 
~~~ ~ 

30 Hz 263 Hz 

Fini t e-el emen t / 1234 285 2032 468 

Hybrid 148 34 256 52 
Green’s-function 
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CONCLUSIONS 
Although the hybrid technique provides numerical 

solutions in roughly a tenth of the computation time 
required for the finite-element/Green’s-function solu- 
tion, the technique is not free of drawbacks. First of 
all, it cannot be used to model an arbitrary two- 
dimensional earth, whereas the finite-element/Green’s- 
function technique can, in principle, be used for that 
purpose. Secondly, it is difficult to model a structure 
whose top boundary coincides with a layer boundary. 
The principal reason for this is that the secondary 
Green’s function between two positions on the coin- 
cident boundary is pseudosingular; the convergence of 
the numerical integral for the Green’s function is not 
guaranteed. By separating the secondary Green’s func- 
tion into two parts and making use of a closed form 
function for the singular part, this numerical difficulty 
may be resolved. 

Because the technique is very fast in generating 
frequency-domain solutions, it may be feasible to obtain 
approximate transient electromagnetic responses via a 
Fourier transformation. On the assumption that 12 
frequency-domain solutions are required for the 
transformation, the transient EM response would cost 
approximately $500 on the LBL CDC 7600. 
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ELECIROMAGNETIC SOUNDING FOR 
GEOTHERMAL RESOURCE DELINEATION 

IN DIXIE VALLEY, NEVADA 

M. J.  WIt and N. E. Goldstein 

During the summer of 1982, Lawrence Berkeley 
Laboratory (LBL) performed an electromagnetic (EM) 
sounding survey in the northern part of Dixie Valley, 
Nevada, to determine whether the geothermal reservoir 
could be defined by means of the controlled-source EM 
technique and to map the subsurface electrical resis- 
tivity distribution of the region. For this work we used 
a modified and improved version of the EM-60 (fre- 
quency domain) system developed by campus and LBL 
staff (Morrison et al., 1978; Wilt et al., 1982). The 
survey consisted of 19 electromagnetic soundings meas- 
ured from three horizontal loop transmitters. The 
soundings were designed to explore the subsurface to a 
depth of 2 km in a narrow belt-like region encompass- 
ing the known geothermal field in Dixie Valley and 
extending northward along the front of the Stillwater 
Range. 

Dixie Valley, a north-northeast-trending basin in the 
Basin and Range Province of central Nevada (Fig. l ) ,  
is approximately 80 km long and 15 km wide at its wid- 
est point. This region is known for its high seismicity 
(Ryall and Vetter, 1982) and numerous active hot 
springs (Sass et al., 1971). Both these characteristics 
are thought to be a result of crustal spreading and high 
regional heat flow (Wallace, 1977). A number of 

Figure 1. Location of EM receivers in Dixie Valley, 
Nevada, relative to the three transmitter loops. [XBL 8211- 
260OAl 

geothermal wells have been drilled in the northern part 
of Dixie Valley, principally by Sunedco. A few of 
these wells, drilled to depths of 6000-8000 ft, were 
reported to have intersected a geothermal reservoir con- 
taining fluids hotter than 450°F and producible at com- 
mercial flow rates (Geothermal Hot Line, 1981). Since 
the wells were privately financed, most of the informa- 
tion on well logs and other details has remained 
proprietary. 

GEOLOGIC SE'ITING 
Dixie Valley has been described as an eastward-tilted 

basin filled predominantly with Quaternary and late 
Tertiary sediments to a maximum depth of about 1.8 
km (Smith, 1968; Speed, 1970). The Tertiary section 
underlying the Quaternary lake sediments and fan 
material is exposed in the adjacent Stillwater and Clan 
Alpine Ranges. The section consists of basalt, rhyolitic 
tuffs and volcaniclastic sediments, and andesites to a 
maximum thickness of about 3000 ft. Underlying this 
sequence in northern Dixie Valley is an extensive gab- 
broic lopolith of Jurassic age and older metasediments 
and volcanics (Smith, 1968; Speed, 1970). Gravity and 
magnetic evidence in northern Dixie Valley suggest that 
a north-northeast-trending graben is concealed beneath 
younger sediments at the northwestern margin of the 
valley and that the sediment thickness within this gra- 
ben may be greater than 2 km (Smith, 1968). Evidence 
of recent tectonic activity is abundant in Dixie Valley. 
Recent fault scarps are evident all along the steep front 
of the Stillwater Range. A high level of microseismic 
activity is reported throughout Dixie Valley, with the 
possible exception of the region near the geothermal 
field (Ryall and Vetter, 1982). Events north and south 
of the geothermal field have focal depths of 7 to 1 1  km, 
compared to 7 km or less within the field. 

' 

EM SURVEY 
An electromagnetic sounding survey of the region 

encompassing the known geothermal field in Dixie Val- 
ley was done in the summer of 1982. The locations of 
the 3 loop transmitters and the 19 receiver stations for 
the EM survey are shown in Fig. 1. Separations 
between the transmitter and receiver sites ranged from 
1 to 5 km, and signals were detected by means of a 
three-axis cryogenic (SQUID) magnetometer over the 
frequency band 0.05-100 Hz. This translates to a max- 
imum depth of exploration of about 3 km. The 19 
soundings were made in 5 days of field time for an 
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average production rate of about 4 soundings per day. 
As a first guess for inversions, a three-layer starting 
model was assumed for all the soundings. The starting 
model parameters, obtained from apparent resistivity 
plots that the system generates in the field directly from 
the incoming data, indicated a 2Gohm-m surface layer 
200 m thick; a 5-ohm-m middle layer 500 m thick; and 
a 1Wohm-m basal layer of infinite thickness. The sur- 
face layer probably represents partially saturated and 
freshwater saturated alluvial fan material and other sed- 
iments. The middle layer is probably older alluvium 
and lacustrine deposits saturated with more brackish 
pore water. The basal layer is probably composed of 
Tertiary volcanics underlain by Mesozoic gabbros and 
metasediments. Most soundings seem to conform to 
this general three-layer section, although the individual 
layer parameters varied from sounding to sounding. 
For several soundings, we found a two-layer model to 
be more appropriate. In these cases the receiver was 
either too close to the transmitter to define the bottom 
layer or too far from the transmitter to resolve the top 
layer. Some soundings, particularly those within the 
geothermal field, gave a basal layer with a low resis- 
tivity. For all soundings a good fit was eventually 
achieved between observed and calculated field values. 

We show in Figures 2 and 3 how some of the 
layered-model parameters vary over the survey area. 
Our convention is to plot results at the midpoint 
between transmitter and receiver locations because the 
signals represent volume-averaged effects. In particu- 
lar, the depth to the basal layer and the resistivity of 
the basal layer are shown, since these reveal interesting 

0 1 2  3 4 SLn 

0 DIXIE VALLEY 

Figure 2. Depth to the basal layer. The plotting point is at 
the decimal point, located midway between transmitter loop 
and receiver location. [XBL 821 1-2600Cl 

Figure 3. Resistivity of the terminating (basal) layer. The 
plotting point is midway between transmitter loop and 
receiver location. A resistivity of 100' indicates that the 
basal layer is resistive and that the value was constrained to 
100 o h m m  for the purpose of inversion. [XBL 8211-2600Bl 

information about the geothermal system. Figure 2 
shows the contoured depths to the basal layer over t he ,  
area surveyed. Contours show a steep dropoff in the 
depth to the bottom layer from the Stillwater Range 
eastward into the valley. The depths increase from 400 
to 600 m to 1.5 lan or more over a distance of less than 
2 km. The steep dropoff aligns well with the western 
margin of the interbasin graben proposed by Smith 
(1968) and Wallace (1977). The depth of the basal 
layer corresponds well in some areas to gravity and 
magnetic interpretations but poorly in the known geoth- 
ermal field, indicating that the third layer does not 
always represent higher-density basement-like rock. 
The zone of steep dropoff trends roughly parallel to the 
range front throughout the survey area. Since no 
soundings were done in the eastern side of the valley, 
however, the character of the eastern margin of the gra- 
ben is not known. 

Figure 3 shows the resistivity of the basal layer. 
This parameter indicates a narrow, elongated region of 
low resistivity stretching from the Lamb Ranch north- 
ward along the Stillwater Range front for almost 5 km. 
Resistivities in the anomalous zone range from 2 to 50 
ohm-m. Outside this belt the basal layer is more resis- 
tive. The EM soundings do not resolve the resistivity 
of these more resistive rocks because they contribute lit- 
tle to the measured response. Therefore, for many 
interpretations we found it convenient to fix the value 
for the bottom-layer resistivity at 100 ohm-m. 

The low-resistivity belt corresponds well in location 
and depth to the geothermal fluids encountered in the 
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Sunedco wells near the Lamb Ranch. By extrapolation, 
it appears that the prospective area extends for several 
kilometers northeastward. Because the low-resistivity 
belt corresponds to the western region of the graben 
structure of Smith (1968) and Speed (1970), it is likely 
that the graben faults are important in providing fluid 
conduits and permeability for the geothermal system. 
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DEEP ELETIBOMAGNETIC SOUNDING IN 
CENTRAL NEVADA 

N.E. Goldstein, H.F. Morrison, and M. Wilt 

Over 40 electromagnetic (EM) and three magnetotel- 
lurk (MT) depth soundings were made in Buena Vista 
and Dixie Valleys, located in north-central Nevada, 
approximately 100 miles northeast of Reno (Fig. 1). 
The soundings were performed to determine the deep 
conductivity structure and, by inference, something of 
the thermal regime of this area, which lies within the 
Battle Mountain heat flow high. The main objective of 
the study was to learn whether the deep conductivity 
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Figure 1. Location of the controlled-source EM and magne- 
totelluric sounding sites in Buena Vista Valley, Nevada. The 
squares refer to the location of the large transmitter loops; 
the numbers 1,  2, and 3 are receiver sites relative to the loops 
of the same number; and the crosses are MT sounding 
sites. [XBL 829-2481] 

Nevada. Seismological Laboratory, University of 
Nevada, Reno, DOE/NV/10054-3. 

Sass, J.H., Lachenbruch, A.H., Monroe, R.J., Greene, 
G.W., and Moses, T.J., 1971. Heat flow in the 
western United States, Journal of Geophysical 
Research, v. 76, p. 6376-6413. 

Smith, T.E., 1968. Aeromagnetic measurements in 
Dixie Valley, Nevada; Implication on Basin-Range 
structure. Journal of Geophysical Research, v. 73, 

Speed, R.C., 1970. Geologic map of the Humboldt 
Lopolith and surrounding terrain, Nevada. Geolog- 
ical Society of America Map MC-14. 

Wallace, R.E., 1977. Patterns of faulting and seismic 
groups in the Great Basin Province. U.S. Geologi- 
cal Survey Open-File Report, 78-943. 

Wilt, M., Goldstein, N.E., Haught, J.R., and Morrison, 
H.F., 1982. Deep electromagnetic sounding in 
central Nevada. Lawrence Berkeley Laboratory 
report LBL 143 19. 

p. 1321-1331. 

30 



structure might shed some light on the source of the 
high heat flow of this area. Soundings were designed to 
explore a depth of more than 10 km. 

DATA ACQUISITION 
The EM-60 system (Morrison et al., 1978; Wilt et 

al., 1981) was used for the surveys. This system is a 
frequency-domain, controlled-source EM system in 
which we apply a square-wave current at various 
discrete frequencies between 0.01 and 10oO Hz to a 
large horizontal loop via a motor-generator connected 
through a 400-H~ alternator, rectifier, and transistor- 
ized switching bridge. Currents of up to 200 A can be 
handled by the switching bridge and other electronics, 
but because the current is controlled by loop 
impedance, peak currents are usually in the range of 20 
to 80 A. The vertical and radial magnetic fields are 
detected at varying distances from the transmitter by 
means of a cryogenic (dc SQUID) magnetometer. The 
signals are amplified, filtered, digitized, and stacked for 
noise reduction. The data segments are then Fourier 
transformed to yield amplitude and phase spectra. The 
in-field processing also produces approximate, one- 
dimensional resistivity distributions of the earth 
between transmitter and receiver. A Nicolet two- 
channel digital storage oscilloscope and an HP 9835 
computer handle most of the in-field data processing 
functions. 

Originally designed for shallow- to intermediate- 
depth geothermal exploration, the system has been 
modified for deeper crustal studies. The transmitter 
voltage was increased from 150 to 250 V, and field 
techniques were improved. For example, we used a 
remote magnetic reference to cancel geomagnetic noise 
during data acquisition and deployed large-area (6.25 
km2), single-turn transmitter loops to reduce loop reac- 
tance and produce dipole moments that exceed lo8 mks. 
Because depth of exploration is roughly proportional to 
the transmitter-receiver separation, receiver sites had to 
be located as far as 30 km from a transmitter. Small 
transmitter loops (100 m in diameter) were also used to 
help define the parameters of the near-surface environ- 
ment. 

By adding orthogonal electric dipole detectors and 
turning off the transmitter, we acquire magnetotelluric 
data by means of the same basic system. 

THE RESISTIVITY MODEL 
After the data were returned to Lawrence Berkeley 

Laboratory, EM and MT sounding results were inverted 
to yield one-dimensional resistivity sections. These 
interpreted sections were pieced together to yield two 
electrical resistivity cross sections: a north-south- 
trending section at the northern end of Buena Vista 
Valley and a northeast-southwest section at the southern 
end of the valley. 

Figure 2 is a composite of one-dimensional interpreta- 
tions along the north-south line. According to our con- 
vention, the layered-model interpretation is plotted at 
the midpoint between transmitter and receiver loca- 
tions. The resistivity cross section reveals that the shal- 
low portion of the crust beneath Buena Vista can be 
approximated by four or five layers. The top layer has 
a resistivity of 20 ohm-m and a thickness of between 50 
and 200 m. These parameters seem to be fairly con- 
sistent at most locations in the valley. This layer most 
likely represents partially saturated Quaternary allu- 
vium. The second layer has a resistivity of approxi- 
mately 10 ohm and ranges from 200 to 500 m in thick- 
ness, being thickest in the northern and southern parts 
of the valley and possibly absent in the center of the 
valley; it likely represents saturated Tertiary sediments 
and volcanics. Deeper parts of the section indicate con- 
ductive sediments overlying resistive basement. Base- 
ment depth ranges from 0.5 to 2.5 km, and the base- 
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Figure 2. The interpreted subsurface resistivities along a 
north-south profile at the north end of Buena Vista Valley. 
The EM data were collected relative to transmitter loop T1 
and two smaller loops not shown in Fig. 1. [XBL 818-3384] 
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ment high suggests that the valley may be subdivided 
structurally into two basins: a northern one 1-1.5 km 
deep and a southern one 2-2.5 km deep. The resistivity 
of the basement is poorly resolved by EM and MT 
soundings because it carries relatively little current and 
therefore does not contribute greatly to the received sig- 
nals. Evidence for a conductor within the basement 
was found on three EM soundings and the MT sound- 
ing. For the EM soundings, a good electrical conductor 
(3-7 ohm-m) was indicated at a depth 4 to 7 km 
beneath the central portion of the valley. The MT 
sounding indicated a good conductor (approximately 
25 ohm-m) at 11 km beneath the northern end of the 
valley. 

The northeast-southwest resistivity profile at the 
southern end of the valley is shown in Fig. 3. In con- 
trast to the north-south section., we see here a more con- 
ductive surface, a lower resistivity basement, and a 
fairly consistent depth to the intrabasement conductor. 
The conductive surface is due to a great thickness of 
lacustrine deposits and probably also to high-salinity 
pore water. The lower resistivity of the basement layer 
suggests that in this locality this layer may consist of 
Tertiary volcanics and sediments. The top of the intra- 
basement conductor is at a depth of about 5 km and has 
a resistivity of 0.5 ohm-m. . 
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Figure 3. The interpreted subsurface resistivities along a 
southwest- to northeast-trending line extending from the Car- 
son Sink toward the East Range.. The EM data were col- 
lected relative to transmitter loop T2. [XBL 829-2463] 

DISCUSSION OF RESULTS 
The results of our work indicate an intrabasement 

conductor at a depth of approximately 5 km beneath the 
study area. To the south of the study area, Stanley 
et al. (1976) and Keller et al. (1981) found a conduc- 
tive body at about the same depth. At the north end of 
the study area, the conductor appears to deepen toward 
the Humboldt River. The nature and thickness of the 
intrabasement conductor are not yet known. However, 
because of its continuity and consistent depth, the con- 
ductor is probably not a specific high-conductivity stra- 
tigraphic unit such as a graphitic shale, although such 
rock units are known to exist in central Nevada. 
Instead, the conductivity of this body of rock is prob- 
ably due to a temperature-related effect that cuts across 
lithologies. 

Sass et al. (1976a) have documented the existence of 
high regional heat flow (2.5-3.5 HFU), and Stauber 
and Boore ( 1978) have interpreted seismic refraction 
data to show a thinner crust (21-24 km) coincident 
with the area of the conductor. According to the argu- 
ments of Lachenbruch and Sass (1978), who presented 
geotherms for the Battle Mountain heat flow high based 
on conductive and convective heat transfer models 
(assuming partial melting of basalt at the base of the 
crust (-21 km) under wet crustal conditions and heat 
transfer via dike intrusion into the lithosphere), the 
temperature at 5 km might be in the range of 
200-225°C. This would correspond to a regional ther- 
mal gradient of -4O"C/km, which is a reasonable aver- 
age value for the area. Temperature gradient holes in 
the region of the EM survey give gradients of 20"C/km 
to over, 20O0C/km (Sass et al., 1976b; Welch et al., 
1981), but data from most of the holes drilled away 
from hot springs, where complex systems of circulation 
exist, suggest 40-45"C/km as a representative gradient. 

On the basis of the estimated subsurface temperature, 
the electrical conductor can be explained as the result 
of sediments and volcanics with 5-10% porosity contain- 
ing brackish to saline pore fluids that have been heated 
over a broad area by a combination of conductive and 
convective heat transport induced by basalt ponding at 
the base of a thin crust and dike injection into the 
crust. 
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Research topics in Geomechanics covered in these reports for fiscal 1982 include 
techniques in rock excavation, mine ventilation, the behavior of rock-fluid systems 
at elevated temperatures and pressures, fracture characterization in rock masses by 
borehole geophysics, and the measurement of in situ stress. An improved technique 
involving water-jet-assisted rock cutting is described in a series of three articles on 
rock excavation, together with investigations of the mechanisms involved in the 
rock-cutting process. The efficiency and economics of mine ventilation systems are 
discussed in two articles on the theory and results of modeling studies and case 
histories. Progress on the development of a multiproperties measurement system is 
highlighted in a report on the behavior of rock-fluid systems at elevated 
temperatures and pressures. The effects of fractures intersecting a borehole upon 
acoustic wave propagation in the borehole are summarized in an article on fracture 
characterization in rock masses by borehole geophysics. The last article contains 
recommendations for stress measurement programs in hard rock repository sites 
made on the basis of the results of an extensive program for comparing different 
methods of in situ stress measurement in a granitic rock mass. 

These investigations have utilized experimental, analytical, and computational 
facilities at both the Lawrence Berkeley Laboratory and the UC Berkeley campus in 
cooperative efforts between Laboratory staff, campus faculty in the College of 
Engineering, and University graduate students. 
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A BREAKTHROUGH IN ROCK- 
EXCAVATION TECHNOLOGY WATER- 

JET-ASSISTED CUlTING 

M. Hood, L. Tutluoglu, and C. Barton 

About 8.5 billion tons of ore and waste rock is mined 
in the United States each year. Rock fragmentation is 
the first stage of any mining process. For more than 
90% of the material that is extracted, fragmentation is 
achieved using a drill-and-blast process. The alterna- 
tive to drilling and blasting is to break the rock in a 
cutting operation. Cutting is preferred, since it permits 
mining to progress in a continuous manner, as opposed 
to the necessarily cyclic manner required for drilling 
and blasting. Unfortunately, present technology limits 
the use of excavation by cutting to relatively weak rock 
types. An advance in this technology that would allow 
the application of cutting to stronger rock would sub- 
stantially increase mining productivity and significantly 
reduce the energy consumed in the mining process. 

The promise of such benefits resulted in a number of 
research programs, mainly in the 1960s and early 
1970s, to improve rock-breaking technology. These 
investigations encompassed a wide variety of tech- 
niques, including the use of such exotic methods as 
electron beam guns, lasers, rock melting, and high- 
pressure water jets. Although most of these methods 
proved technologically feasible, in general they offered 
little benefit over existing rock-cutting methods, and 
some required orders of magnitude more energy to 
e x c a v a t e  a u n i t  v o l u m e  of r o c k  t h a n  t h e  p r e s e n t  sys- 
tems. Thus all rock cutting, including drilling, contin- 
ues to be performed as it has been in the past-with 
mechanical tools. 

Advances continue to be made with improved tool 
materials and tool designs, and these advances have 
widened somewhat the range of rock types capable of 
being excavated by cutting. However, within the past 
few years a cutting system with the potential for 
dramatically advancing rock-cutting technology has 
been reported in the literature (Hood, 1976, 1978; Rop 
chan et al., 1980; Dubugnon, 1981; Tomlin, 1982). 
These workers have employed a system with drag-bit 
mechanical tools assisted by high-pressure (I 70 M a )  
water jets. Results from these experimental programs, 
which have been conducted both in the laboratory and 
underground, show that the forces acting on the drag 
bits during the cutting operation are reduced substan- 

tially by the action of the water jets. The amount by 
which the forces are reduced varies with the bit 
geometry, the water pressure and flow rate, the rock 
type, and the position of the jet with respect to the bit. 
Typically, these forces are 2 to 5 times less when water 
jets are employed. Since the factor limiting the use of 
drag bits as cutting tools is the strength of the bit 
materials, these results imply that a water-jet-assisted 
cutting system would enable drag bits to cut in rocks 2 
to 5 times stronger than is possible at present. 

The research workers exploring this new technology 
have used an empirical approach in their experiments to 
optimize the water-jet parameters for the drag bits and 
rc,ck types in which they were interested. The approach 
adopted in the present research program differs in that 
the objective is to investigate the fundamentals of the 
rock breakage process ahead of a drag bit and to deter- 
mine how this process is influenced by the action of the 
water jets. 

To this end a series of cutting experiments has been 
conducted in the laboratory using a planing machine 
(Fig. 1) and a V-faced drag bit (Fig. 2). From previ- 
ous work (Ropchan et al., 1980; Dubugnon, 1981), it 
was known that less benefit-in terms of bit force 
reductions when water jets are used-is obtained when 
cutting experiments are conducted in limestone than in 
other rock types. The reasons for this are not clear, 
and it was decided to investigate this behavior as part 
of the present test program. Thus most of the cutting 
experiments conducted to date have been made in Indi- 
ana Limestone. This rock was selected because its pro- 
perties are well known (Krech et al., 1974). 

Figure 1. 
bit  cutting in Berea Sandstone. [CBB 823-2729] 

Rock-planing machine; general view showing drag 
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Figure 2. Dynamometer showing strain-gauged posts. A V- 
faced bit is shown mounted in the dynamometer. [CBB 823- 
26 171 
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Other workers (Roxborough, 1973) have shown that 
there is an optimum ratio of the spacing between cuts 
or grooves in a rock face, S, to depth of cut per pass of 
the bit, D. For Indiana Limestone this optimum S/D 
ratio was found to be 4. For cuts made both with and 
without using water jets, Figs. 3 and 4 show the meas- 
ured forces acting on the bit in the direction of cutting, 
termed the cutting force, and perpendicular to this 
direction, termed the normal force. Two water jets 
were directed immediately ahead of the leading face of 
the bit during these experiments, as shown in Fig. 5. 
The jets were positioned 20 mm from the bit:rock inter- 
face. The jet pressure was 35 MPa, and the flow 
through each nozzle was 0.22 L/s. This series of tests 
demonstrated that even in this rock, which is known to 
be resistant to water-jet assistance, the mean cutting 
force was reduced 37% and the mean normal force was 
reduced 44% when water jets were employed. In order 
to demonstrate the much more dramatic influence that 
this cutting system can exert in other rock types, a lim- 
ited set of tests was conducted in Berea Sandstone. 
The same water-jet arrangement was employed, but jet 
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Figure 3. Mean cutting force; comparison of wet and dry 
cuts. [XBL 837-105931 
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Figure 4. Mean normal force; comparison of wet and dry 
cuts. [XBL 837-105941 
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DIRECTION OF 
CUTTING - REFERENCES 
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CARBIDE BIT INSERT 

Figure 5. Sketch of drag bit, showing the position of the 
water jets with respect to the leading face of the bit. [XBL 
837-2807] 

pressure was reduced to 20 MPa. These experiments 
showed that the cutting force reduction was greater 
than the normal force reduction when water jets were 
employed. These jets caused the peak cutting force to 
be reduced by a factor of about 3 and the mean cutting 
force to be reduced by a factor of about 2. 
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AN INVESTIGATION OF THE 
MECHANISMS OF WATER- JET 

ASSISTANCE ON THE ROCK-CUTIING 
PROCESS 

L. Tutluoglu, M, Hood, and C. Barton 

It is known that appropriately directed water jets of 
moderate pressures (170  MPa) can reduce substan- 
tially the forces acting on drag bits cutting in rock. 
The mechanism by which these jzts act to assist the 
rock-breakage process is unknown. It is known, how- 
ever, that the jet pressures used to achieve these force 
reductions are usually orders of magnitude less than the 
pressures that would be required to cause damage to the 
rock if water jets alone were employed (Hood, 1978). 

One hypothesis to explain this reduction in bit forces 
and, by implication, reduction in the mechanical energy 
required to excavate the rock, is to invoke a mechanism 
of chemical attack of the rock by the water, thereby 
causing a reduction in the rock’s fracture strength. 
This behavior is well known and is termed stress corro- 
sion cracking (Rehbinder et al., 1944; Hoagland et al., 
1973; Westwok, 1974; Schmidt, 1977). Many of the 
workers who have studied stress corrosion have 
quantified the reduction in the energy required to drive 
a crack in a quasistatic manner through a water- 
saturated rock sample. It is not clear how effective this 
mechanism could be in a dynamic rock-cutting situation 
where the rock is dry immediately prior to the applica- 
tion of the bit and the water jets. This dynamic situa- 
tion was investigated as part of the present work pro- 
gram. 

A series of high-speed films was made of the cutting 
operation at a rate of 1000 frames per second using a 
rotating prism type camera. Films were made both 
with and without the use of high-pressure water jets to 
assist the cutting process. From these films a qualita- 
tive description of the rock-breakage process for dry 
cuts was obtained, as illustrated schematically in 
Fig. 1. The forward motion of the bit induces crushing 
of the rock, which then becomes trapped and compacted 
ahead of the leading bit face. Eventually the pressure 
induced in the intact rock beneath this crushed zone 
initiates a crack, and that crack propagates in a tensile 
manner to form a rock chip. 

Another interesting observation from these films con- 
cerned the speed of crack propagation. The rock chips 

ROCL surface e , 
left by previous chip 

Rock crushed ohed of bot, 
qwlyuq indmtoticm I d  to the rock 

New rock chipA .J 
Compacted crushed 
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Figure 1. Crushing and chip formation ahead of a drag 
bit. [XBL 834-9224] i 
formed were typically about 8 cm in length. These 
chips were found to form within one, or at most two, 
frames on the film. This implies a crack propagation 
velocity of about 80 m/s. This speed is about two 
orders of magnitude faster than the maximum speed at 
which stress corrosion could influence the energy 
required to drive the cracks. Hence it was eliminated 
as a possible mechanism for water-jet-assisted cutting. 

Other workers (Cook and Joughin, 1970) have shown 
that the energy required to break a unit volume of rock, 
termed specific energy, is related in an inverse power 
manner to the size of the rock fragments produced 
(Fig. 2). Thus far more energy is required to produce 
fine particles than coarse particles. Another hypothesis, 
then, to explain the reduction in mechanical energy 
required to cut rock when water jets are used is that the 
quantity of fine particles produced when cutting with 
water jets is much reduced. It could be assumed, for 
example, that during dry cutting it is necessary to pro- 
duce a certain quantity of finely crushed material in 
order to initiate and propagate a crack to form the rock 
chip. When water jets are used, however, this crack- 
which as is known from other work can be initiated at 
relatively low stress levels-is penetrated by the water, 
which then drives it by virtue of the pressure energy in 
the jet. This hypothesis was examined in detail. 

A series of cuts was made both with and without the 
use of water jets to assist the cutting process. Care was 
taken to collect all of the rock fragments produced in 
each cut. These fragments were then sieved. Particles 
in the size range 74 pm (200 mesh) to 590 pm (28 
mesh) were wet screened. Particles larger than this 
were screened dry and particles smaller than this were 
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Figure 2. Specific energies as a function of rock particles 
for different methods of breaking hard (200 MPa) rock 
(1) flame-jet piercing, (2) water jet, (3) diamond drilling, 
(4) percussive drilling, (5) drag-bit cutting, (6) roller cut- 
ting, (7) impact wedge, and (8) explosives (after Cook and 
Joughin, 1970). [XBL 834-9225] 
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Figure 3. 
percent as a function of rock particle size. 

Sieve analysis results, showing cumulative weight 
[XBL 834-9226] 

fed into a light-scattering particle size analyzer. Size 
analysis results for two representative cuts, one taken 
using jets and the other without, are given in Fig. 3. 
This shows that over most of the range of particle sizes, 
a somewhat greater quantity of fine particles, as a ratio 
of the total weight of rock fragments, was produced 
when the water jets were used. Thus this contradicts 
the above hypothesis. This figure shows also that 50% 
of the rock fragments formed were larger than 30 mm. 

This was true for cuts made both with and without 
water-jet assistance. 

One of the objectives of this analysis was to deter- 
mine the new rock surface area that was created by the 
rock-cutting process. This was achieved using three 
techniques. First, particles greater than 3 mm in size 
were photographed and the surface areas of these parti- 
cles were determined using a Zeiss image analyzer. 
Second, the areas of the particles in the various size 
fractions determined from the sieve analysis were 
estimated using the formula 

A = - - -  6X "' *$ (units = cm2/g) , 
P n-1 Dn 

where 
AI#J =mass fraction of total sample collected on screen 

n such that 

Dn =arithmetic mean of the clear opening of the 
screen n on which the sample is collected and the 
opening of the screen n - 1 immediately above n ,  

n, = total number of screens, 
X = shape factor (this factor corrects for particle 

geometry; it is unity for spheres and cubes and 
increases as the shape distorts from these regular 
forms), 

p = particle density (g/cm3). 

Third, the light-scattering particle size analyzer gives 
an output in terms of both weight fraction and surface 
area. The latter parameter is calculated using the 
above formula with X taken as equal to unity. 

An independent check on the value for the shape fac- 
tor was possible for fragments greater than 3 mm, for 
which the photographic technique provided an indepen- 
dent measurement. The results, given in Fig. 4, show 
the same trend for both wet and dry cuts-namely, that 
X decreases exponentially as the particle size decreases 
and approaches unity for particles with dimensions less 
than 1 mm. 

When appropriate shape factors for all of the various 
size fractions are used, the cumulative surface areas of 
rock fragments produced during two representative cuts 
are as shown in Fig. 5 .  This plot shows the curves for 
both dry and water-jet-assisted cuts are approximately 
the same in this log-log space. These experiments were 

41 



With jets+ s 

> 
x -  
W 
Y 

E 4 -  

k 

i- 
3 
0 -  

B 

W z -  
W 

Particle Size (mm) 

6 l  I I I I I I I I I I 
0 WITH JET6 
8 WITHOUT JETS 

2 -  

0 1  I I I I 1 I I I I I 

Figure 4. Shape factor as a function of rock particle 
size. [XBL 834-9227] 
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Figure 5. Cumulative surface area of rock fragment pro- 
duced by 1 5 m d e e p  cuts spaced 30 mm apart as a function 
of rock particle size. [XBL 834-9228] 

conducted at a constant depth of cut, 15 mm, and two 
levels of spacing between cuts were examined, 30 mm 
and 50 mm. The cumulative surface area for unit mass 
of rock fragments was found to be independent of the 
spacing between the cuts and almost independent of the 
use of water jets, with a value of about 4 m2/kg. This 
must be regarded as a minimum value, because the 
laboratory apparatus did not permit analysis of particles 
less than 2 pm, and as can be seen from Fig. 5 the fine 
particles provide a major contribution to the cumulative 
surface area. The mass of rock fragments was approxi- 
mately 0.65 kg for both dry and water-jet-assisted cuts 
when the spacing between cuts was 30 mm. 

The minimum energy required to excavate this rock 
is given by the energy required to create new fracture 
surface, U: 

U = G A ,  

where G = specific fracture energy = 60 J/m2 for this 
limestone (Hoagland et al., 1973) and A = total rock 
surface area. Hence U = 240 J. 

The mechanical energy applied to the drag bit during 
the cutting operation was calculated from the area 
under the force vs displacement curve, and this plotted 
as a function of the spacing between cuts in Fig. 6. 
The ratio of the energy required to create new surface 
area, U ,  to the applied mechanical energy, Q, calcu- 
lated from this figure and expressed as a percentage is: 

> 

U/Q = 8% (dry cuts) , 

U/Q = 13% (water-assisted cuts) 

for both the 30-mm and 50-mm spacings. 
The energy of the water jet has been excluded from 

these calculations because a limitation of this laboratory 
apparatus causes this energy to be a disproportionate 
fraction, about 50 times, the mechanical energy applied 
to the bit. This limitation is the restricted cutting velo- 
city of the planing machine. Though it may be argued 
that the effectiveness of the force reduction by the jets 
is related directly to their high relative energy input, 
this is not supported by other research work (Hood, 
1976; Tomlin, 1982). These workers have shown that 
the same substantial force reductions are achieved when 
the ratio of the jet energy to the mechanical energy is 
about 1:l. In this situation the ratio U / Q  = 8% for 
both dry and water-jet-assisted cuts. 

In summary, the mechanisms by which water jets 
influence the cutting process when they are directed 
adjacent to a drag bit have not yet been determined. 

Figure 6. Energy supplied to drag bit. [XBL 834-9229] 
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Two hypotheses to explain this mechanism have been 
disproved, and work is continuing. 
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ROCK FRACI'URE STUDIES USING AN 
INDENTOR 

M. Hood, F. Tsai, and M.S. King 

Indentation is the preferred rock-breakage technique 
used with all of today's mining and tunneling machines, 
including drills. Despite the fact that this principle of 
rock fragmentation has been used since the Stone Age, 
it has been studied relatively little; consequently, 
details of the breakage process adjacent to an indentor 
remain poorly understood. It is possible that improved 
knowledge of this process would lead to an improvement 
in rock-excavation technology. 

A set of experiments has been conducted to examine 
the fracture mechanisms in a strong rock, Sierra gran- 
ite. This rock has a uniaxial compressive strength of 
165 MPa, and its failure envelope in triaxial compres- 
sion is given by 

T = S o + w ,  

where T = shear stress, u = normal stress, So = 

inherent shear strength = 29 MPa, and p = coefficient 
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of internal friction = 1.23. Cylindrical rock samples 
ground to 100 mm in diameter and 100 mm in length 
were employed for most of these tests. These samples 
were jacketed by heat shrinking a steel tube around 
them. This tube has a wall thickness of 11.5 mm and 
was machined to provide an interference fit of 76 pm. 
The steel thus provided a confining pressure of 
4700 MPa to the rock specimens. 

Flat bottomed circular punches were used to load the 
end surfaces of the rock sample. Punch sizes of 5 mm, 
10 mm, and 20 mm diameter were used. A stiff, 
displacement-controlled compressive testing machine 
was used to load the punch normally against the rock 
surface. The load was monitored by a load cell in the 
machine, and the displacement was monitored by a 
linear variable differential transformer (LVDT) 
mounted between the punch and the rock. For many of 
the tests, strain gauges were mounted radially around 
the punch to monitor the change in strain during the 
load cycle. Moreover, the acoustic energy emanating 
from the fracture zones, known as acoustic emissions 
(AE), was captured by mounting AE transducers on the 
rock surface. The signals from these transducers were 
captured in two ways. First, all of the recorded events 
were counted and the number of AE events per unit 
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displacement of the punch was noted. Second, the com- 
plete wave train of selected events from different por- 
tions of the loading cycle was recorded for more 
detailed analysis of frequency content and amplitude. 
Figure 1 shows a rock sample with three sets of radial 
strain gauges and three AE transducers mounted in the 
testing machine. 

Results for a typical loading cycle are given in 
Fig. 2. As noted previously by Brace and Byerlee 
(1966) and Bieniawski (1968) and illustrated in this 
plot, the fracture process can be divided into four 
stages: (I) closure of microcracks; (11) linear elastic 
deformities; (111) stable crack granite; and 
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Figure 1. Punch loading a granite rock specimen. [CBB 
823-2625] 
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Figure 2. Load-displacement curve. Acoustic emission 
curve for every 0.01 mm of displacement and strain at sur- 
face vs displacement curve for a l@mm-diameter circular 
indentor on Sierra granite. [XBL 834-5480] 

(IV) unstable crack propagation. Stage I occurs during 
the upward concave portion of the load-displacement 
curve and is believed to correspond with the closure of 
pre-existing microflaws. Following this, the rock sur- 
face is deformed in a linear elastic manner. This is 
represented by Stage I1 on the curve. During both of 
these stages the strain gauges record tensile loading of 
the rock surface adjacent to the punch. The onset of 
Stage 111 is denoted by a departure from the linear in 
the load-displacement curve. This coincides with the 
peak of the tensile strain curve as well as the onset of 
an AE event above some arbitrarily determined thres- 
hold. A marked change in slope in the load- 
displacement curve indicates the onset of Stage IV. 
The rock surface strain is compressive and is continuing 
to become more compressive at this point. The number 
of AE events occurring per unit time (or per unit dis- 
placement) increases rapidly beyond this point. The 
load increases to a maximum and then begins to 
decrease. Initially this decrease is slow, but at some 
point it becomes unstable and a rock chip is formed 
adjacent to the punch (Fig. 2). 

The physical damage induced in the rock at these 
various stages of loading was determined by performing 
six loading cycles in different positions on a single rock 
sample. When the tests were completed, the rock sam- 
ple was sectioned and the damage was assessed by 
spraying a dye penetrant onto the cracked region. The 
load-displacement curves, together with the numbers of 
AE events measured during this experiment, are given 
in Fig. 3. The area between the loading and unloading 
curves is a measure of the increasing expenditure of 
nonrecoverable energy as the load is increased. The 
sectioned rock surfaces are shown in Fig. 4. From 
Figs. 3 and 4 it can be seen that a crack is initiated at 
45% of the peak load adjacent to the corners of the 
punch. This corresponds to the onset of Stage 111 
(Fig. 2). With increased load, this fracture propagates 
in a stable hertzian manner as a cone crack. The 
diffuse staining by the dye penetrant around the crack 
tip, starting at (c) in Fig. 4 and continuing through (f), 
illustrates microcracking (irreversible deformation) of 
the rock in this region. Of particular interest is the 
extensive nature of this microcracking beneath the 
punch center and out laterally well beyond the crack tip 
as the load approaches the maximum peak load for this 
rock sample. This extensive microcracking, shown at 
(e) in Fig. 4, corresponds to the onset of Stage IV 
(Fig. 2). 

Although a spectral analysis of the wave trains of the 
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AE events captured during this test program has not yet corresponds to point A on the loading curve in this 
been conducted, two complete waveforms recorded at figure. The load was approximately 80 kN, and thus 
different stages of the loading cycle described above are the damage to the rock at this stage was as illustrated 
given in Fig. 5 and a visual comparison of these signals in Fig. 4(b). Similarly, Fig. 5(b) corresponds to point 
can be made. Both of these waveforms were recorded B on the loading curve in Fig. 3(f) when the load was 
during the test illustrated in Fig. 3(f). Fig. 5(a) approximately 134 kN. The rock damage then was as 
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Figure 3. Load-displacement curves for rock specimens loaded to 45% of the maximum failure load (a) 
through 99% of this load (0, showing the increase in the number of AE events as the load increases. 
[XBL 834-1768] 

45 

1600 

1400 

1200 

m 

800 

600 

400 

200 

0 

4 



1 I I I I I 

0 I 2 
Time (milliseconds) 

Figure 5. Complete waveforms of AE events at different 
points of the loading cycle. Points A and B in this figure 
correspond to the points marked in Fig. 3(f). [XBL 834- 
92301 

Figure 4. Cracking and microcracking of granite beneath a 
l@mm-diameter circular punch. (a) Crack initiation at 45% 
of peak load. (b) Stable hertzian crack growth at 55% of 
peak load. (c) Continued stable crxk growth at 68% of peak 
load. (a) Development of microfracturing at tips of hertzian 
cracks at 73% of peak load. (e) More extensive microcrack- 
ing around hertzian cracks and beneath the punch at 85% of 
peak load. (f) Pervasive microcracking beneath punch 
immediately prior to chip formation at 100% of peak load 
(= 149 m a ) .  [XBB 833-2037] 

illustrated in Fig. 4(e). Visually the frequency content 
of these wave trains is quite similar, although in 
Fig. 5(b) it is somewhat higher. The amplitude in this 
figure, however, is substantially higher, illustrating the 
greater extent of rock damage at this point. 

The second series of tests was made to confirm the 
existence of the Kaiser effect in granite subjected to 
indentation loads. A material exhibiting the Kaiser 
effect retains a memory of its previous load history 
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when it is subjected to cyclic loading; that is, AE 
events are not observed upon reloading of a material 
until the stress exceeds the prior value. This behavior 
obviously implies something about the nature of the 
fracture process. Figure 6, in which indentor load and 
number of AE events are plotted as a function of inden- 
tor displacement, indicates that granite loaded by an 
indentor does indeed exhibit the Kaiser effect, insofar 
as AE is concerned. In all three tests the indentor load 
was raised to some value below failure, decreased, and 
then increased again to a value above the initial load. 
In each case there is an increase in the AE event rate 
as the rock is first loaded. Virtually no AE activity is 
observed during unloading to 48 kN. Upon reloading 
there is very little AE activity until the indentor load 
reaches the previous maximum value. Figure 6(b) 

L o a d  
(kN 

shows the behavior during and after two loading and 
unloading cycles. During each reloading cycle, the AE 
activity is minimal until the previously reached max- 
imum load is again reached. 
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THE EFFICIENCY AND ECONOMICS OF 
MINE VENTILATION 
SYSI'EMS. I. THEORY 

M. J. McPherson and K.G. Wallace, Jr. 

Although systematic control of ventilating air 
currents in underground mines dates back to the Greek 
and Roman empires, quantified analysis dealing with 
the cost of providing airflow did not appear until about 
1860, when the first fans with acceptable efficiencies 
became available. Initially, these were introduced to 
avert methane explosions initiated by shaft bottom fur- 
naces. However, discussions arose on how much coal 
the steam driven fans consumed in comparison with 
shaft furnaces in order to produce the same amount of 
airflow. Ventilation economics had arrived. 

In fiscal 1982 a project was funded by the Depart- 
ment of Energy and carried out at the University of 
California, Berkeley, in order to analyze and compare 
alternative mine ventilation designs from the viewpoint 
of economics and systems efficiency (McPherson and 
Wallace, 1982; Wallace and McPherson, 1983). This 
article highlights some of the theoretical results of that 
study. 

SOME BASIC PREMISES OF MINE 
VENTILATION ECONOMICS 

The movement of air through mine openings is far 
from being a mechanically efficient process. The useful 
mechanical energy of the air is degraded to low-grade 
heat by viscous shear and the maintenance of turbulent 
eddies. This heat energy is eventually rejected to the 
surface atmosphere at the return air exit points. Unless 
the useful mechanical energy of the air is continuously 
replenished, airflow will cease. The energy is usually 
supplied by electrically driven fans. A fraction of the 
heat supplied to the air from strata, machines, and 
other sources may be converted into mechanical energy 
via density effects and thereby assist in ventilating the 
openings. 

The objective of mine ventilation economics is to p r e  
vide effective ventilation at the minimum expenditure 
of fan energy and, hence, minimum operating costs. 

The cost of operating a fan, OC, is given by 

X=- pf xQ X 24 X 365 X e ($ per year) , 
1 

where p j  = rise in total pressure across the fan (kPa), 
Q = airflow (m3/s), q = overall efficiency of the 
fan/motor unit, and e = electrical costs ($ per kwh). 

The fan pressure required to pass any given airflow 
depends upon the resistance, R, of the mine and is 
quantified by the square law: 

pf = R Q ~  . 

Hence 

OC = !@ X 24 X 365 X e ($ per year) . (3) 
11 

The great dependence of operating cost on airflow is 
revealed by this equation. The resistance of the mine 
varies with the number, size, and quality of the inter- 
connected airways. For example, a room-and-pillar 
operation has many airflow routes. The mine resistance 
is low, and high-volume flows can be achieved at mod- 
est fan pressures. Unfortunately, as much as 85% of 
the air may never reach the working faces but be short- 
circuited through ventilation doors, air crossings, stop 
pings, worked out areas, bleeder passages, and perme- 
able strata. The quantity of air lost through leakage 
increases when the pressure difference between intake 
and return airways rises. Extension of a room-and- 
pillar mine results in the following sequence of changes. 
The increasing number of leakage paths requires a rise 
in the fan airflow, Q, in order to maintain the same 
flows at the working faces. The usual method of achiev- 
ing this increased total airflow is to upgrade the fan to 
give a higher fan pressure, pf. The effect of the higher 
pressure difference between intakes and returns is to 
increase the leakage, necessitating yet greater fan 
airflows. This inflationary spiral of mounting fan pres- 
sures and airflows leads to rapid escalation of power 
costs (Q. 1) or, as often occurs, a termination or 
suspension of production. 

In the case of a longwall mine the airflows are much 
more concentrated, not only on the longwall faces them- 
selves but also in the reduced number of intake and 
return airways. A longwall ventilation circuit offers 
higher resistance to airflow and therefore requires 
higher fan pressures than a room-and-pillar district of 
comparable production. The size and quality of airways 
becomes of critical importance. There are normally 
fewer leakage paths than in a room-and-pillar mine. 
However, the pressure differential across them is 
higher. As the mine develops, the distances from exist- 
ing surface connections increase, and main airflow 
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routes becume longer and may deteriorate. The result 
is that fan duties are upgraded to give higher pressures. 
Coupled with the growing power requirements of mine 
fans are the ascending rates of electrical power. These 
factors combine a yield ventilation operating costs of up 
to $2 million/year at a large coal mine and over $3 
million/year in some metalliferous mines. Such onge 
ing costs can no longer be treated as insignificant. The 
“brute-force” approach of ever-increasing fan duties 
becomes untenable, and a well-planned, cost-effective 
ventilation system becomes a prerequisite to continuous 
mining. 

MINE RESISTANCE 

Circuit Design 

Equation 3 indicates the dependcnce of ventilation 
operating costs on the mine resistance. This, in turn, 
varies with a number of factors. One of the most 
important is the circuit design of the complete network. 
If the cost of passing an airflow along a single airway is 
$90,00O/year, then the cost-of passing the same total 
airflow along three identical airways in parallel reduces 
to $10,00O/year. This statement can be generalized as 

Operating cost 0: l /nz  , (4) 

where n = number of identical parallel airways. 
In addition to the quality of doors, air crossings, and 

stoppings, the number and spacing of leakage paths is 
critical to the efficient ventilation of a mine. The 
highly nonlinear relationship between size of opening 
and resistance (Eq. 5 )  causes the leakage path resis- 
tance to vary from a few N-sZ/m8 (SI resistance units) 
for a leaky door, poor brattice cloth, or badly holed 
stopping to several thousand N-s2/m8 for a well- 
constructed stopping. Usually several leakage paths 
exist between adjoining intakes and returns. Their 
combined equivalent resistance drops rapidly as the 
number of leakage paths increases. 

Airway Resistance 

The total operating cost of ventilating a mine is the 
sum of the individual costs for all airways, working 
areas, and leakage paths. Equation 3 may also be used 
to evaluate the operating cost of each individual branch 
in the ventilation network. For any given airflow, the 
ventilation cost depends primarily on the airway resis- 
tance. This, in turn, depends upon a number of factors, 
the most important of which is the size of the airway, 

R a l id5 , ( 5 )  

where d = effective diameter of the airway (= 4 X 
area/perimeter) . 

The other parameters that affect the resistance of a 
mine airway include lining, length, perimeter, and 
shape. Shock losses that occur at bends, junctions, 
change of gradient or cross-sectional area, and at 
obstructions also contribute directly to ventilation 
operating costs. 

Regulators 

Regulators are often necessary to achieve the 
required flow balance between various mineral-winning 
areas, or districts, of the mine. They vary from well- 
designed adjustable orifices to crudely erected brattice 
cloths. It should be understood that these deliberate 
obstructions cause shock losses and increase ventilation 
costs. When a district airflow becomes inadequate, a 
common reaction is to divert airflow from other parts of 
the mine by installing regulators. Unfortunately, 
reducing airflow by regulating one district will not 
result in making an equal flow available elsewhere. The 
rise in total resistance of the mine will cause an adjust- 
ment to a new point on the pressure-volume characteris- 
tics of the fans, and the overall air quantity entering 
the mine will fall. 

Whilst regulators form a necessary part of the control 
of complex networks, many mines have become overre- 
gulated and suffer the cost penalties. The installation 
of a regulator should be preceded by a consideration of 
the alternatives-reduction of resistance in other parts 
of the mine or the judicious use of auxiliary or booster 
fans. 

INTERACTION BETWEEN FAN 
OPERATING VARIABLES 

In many mines most of the ventilation operating cost 
is utilized in maintaining flow through leakage paths. 
However, this money cannot all be saved by better seal- 
ing of the leakage paths unless the corresponding 
increase in face airflows is sufficiently large to enable 
the fan duty(ies) to be decreased. 

In order to explain these phenomena, it is necessary 
to examine the interactions that occur on fan operating 
characteristics when any change occurs in the mine 
resistance. Figure l(a) shows the pressure, p, impeller 
efficiency, E, and shaft power, sp, characteristic curves 
for a typical fan plotted against volume flow, Q. Two 
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system resistance curves, R 1  and R2, are also shown, 
each representing a square law ( p  = RlQ2 and 
P = R2Q2). 

Assume that the mine resistance is initially R , .  
Then the pressure-volume operating point will be p i ,  
with corresponding operating points E l  and s1 on the 
efficiency and shaft power curves, respectively. Now 
assume that the seals on some major leakage paths are 
improved. The airflows supplied to the working faces 
will be enhanced, but the mine resistance has increased 
to R2. Movements along the fan characteristic curves 
give rise to new operating points p 2 ,  E2, and s2. Thus 
the total airflow passed by the fan decreases from Ql to 

The new values p 2 ,  E2,  and Q2 are such that the 
magnitude of shaft power sp = p X QIE may change 
very little in moving from s1 to s2 and may either 
increase or decrease, depending upon the slope and 
shape of the shaft power curve. It follows that the fan 
power (and operating costs) that were previously 
expended upon excessive leakage are not eliminated but 
are now being more usefully employed in providing 
greater airflows to the working areas. 

The problem arises when the face airflows are still 
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insufficient even after the leakage has been reduced. 
Figure l(b) illustrates the situation in which the origi- 
nal fan airflow, Q1, must be maintained when the resis- 
tance has increased to R2. The new pressure-volume 
operating point is p3, and this can be obtained only by 
increasing the duty of the fan (higher speed or adjust- 
ment of vanes) or by installing a new fan capable of 
providing the higher duty. In either case, higher 
operating characteristic curves are required. The shaft 
power has increased considerably from s 1  to s3 ,  with 
corresponding increase in operating costs. 

MODEL STUDIES 
Three types of ventilation system were analyzed and 

compared in this study: (1) the commonplace “U- 
system’’ with adjoining intakes and returns, (2) booster 
fans, and (3) the through-flow ventilation system with 
intakes and returns well separated geographically. 

For each system it is necessary to conduct detailed 
sensitivity analyses over considerable ranges of airway, 
district, and leakage path resistance. This would have 
been impracticable in terms of computer costs and 
man-hours had a general purpose ventilation network 
program been employed throughout. It was decided, 
therefore, to develop new models that would be res- 
tricted to a simple, but typical, mine layout. The pro- 
grams were developed in the Basic language for interac- 
tive use on a Tektronix 4054 microcomputer utilizing 
tabular and graphical output. 

Figure 2 illustrates the type of layout modeled by the 
programs. A number of parallel intake airways of uni- 
form resistance per unit length lead to a working dis- 
trict where mineral is produced. An identical series of 
airways returns air to the outbye end. A line of identi- 
cal and equally spaced leakage paths interconnect 
intake and return airways and are shown diagrammati- 
cally in Fig. 2 as “stoppings.” A ventilating pressure 
(fan) is applied across the outbye ends of the intakes 
and returns in order to maintain an airflow through the 
system. 

This model is an idealized version of a layout that is 
typical of many underground mines extracting stratified 
deposits. In practice, the airway resistances may vary 
quite considerably along their length. Furthermore, the 
resistances of the intakes are often quite different (usu- 
ally lower) than those of the returns. Intake airways 
may be bounded by returns on both sides, or vice versa, 
doubling the number of leaking interconnections. Leak- 
age paths between intakes and returns vary enormously 
in their resistance and are often not equally spaced. 
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They consist not only of stoppings but also doors, brat- 
tice cloths, bleeder passages, air crossings, old work- 
ings, waste areas, and fractured strata. The ventilating 
pressure across the outbye ends may indeed be p r e  
duced by a fan connected to either the intake or return 
sides. Alternatively, the model may represent a single 
panel within a larger mine, in which case the outbye- 
applied ventilating pressure would be the differential 
pressure across downcast and upcast shaft bottoms or 
trunk intakes and returns. 

The differences between the idealized model and 
practice emphasize that the purpose of the model is to 
provide a common basis for comparing the effects of 
variations in resistances on ventilation costs and 
efficiencies-and for alternative ventilation designs. 
For the investigation of any actual mine layout the real 
geometry and resistance values pertaining to that mine 
must be employed. 

The Simulation programs were based on the square 
law (Eq. 2) and Kirchhoffs laws. However, unlike 
other ventilation network analysis programs, the 

specified geometry allowed precise analytical methods 
rather than iterative numerical techniques to be used. 
The graphical output showed the variations of 
volumetric efficiency and operating costs with respect to 
distance advanced by the workings and the resistances 
of airways, leakage paths, and working faces. In the 
booster fan system, the effect of the fan position was 
also investigated. 

The cases studied and the results achieved are 
described in the next article. 
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Figure 2 Type of ventilation system investigated. (XBL 834-9223] 
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THE EFFICIENCY AND ECONOMICS OF 
MINE VENTILATION 

SYSl’EMS. 11: RESULTSOFMODEL 
STUDIES AND CASE HISTORIES 

M.J. McPherson and K.G. Wallace, Jr. 

In fiscal 1982 a project w funded by the Depart- 
ment of Energy and carried out at the University of 
California, Berkeley, in order to analyze and compare 
alternative mine ventilation designs from the viewpoint 
of economics and systems efficiency (McPherson and 
Wallace, 1982; Wallace and McPherson, 1983). 
Highlighted here are the results of model studies and 
two case histories from that project. The article that 
precedes this one summarizes the basic premises of 
mine ventilation economics and engineering and 
describes a proposed computer model. That investiga- 
tion revealed a detailed series of interrelationships that 
exist between the variables inherent in a ventilation sys- 
tem. No more than a summary is given here. The 
graphs are not intended to replace the ventilation net- 
work and cost analyses that should be carried out on a 
mine-by-mine basis. In order to maintain the sensi- 
tivity analyses within manageable proportions, some 
parameters were maintained constant at “typical 
values.’’ Results of the model study simply indicate 
trends and planning guidelines in comparing ventilation 
designs; they are dependent upon the “typical resis- 
tance values” chosen and should not be interpreted as 
absolute values of expected efficiencies or costs. In par- 
ticular, the district airflow was maintained at a nominal 
10 m3/s. Hence, for example, all variations in airway, 
district, or leakage path resistance were accompanied by 
the changes in fan duty necessary to keep the district 
airflow constant at this value. 

One result observed throughout the study was that 
the district resistance has a major impact on the 
economics and efficiency of each system. There is a 
substantial cost savings in changing from a high- 
resistance brattice line form of ventilation control to an 
auxiliary fan/duct system. The latter relies on auxili- 
ary fans to overcome the local resistance of the ducts 
and headings in a room-and-pillar mine. Hence the 
effective resistance of the district to be handled by the 
mine ventilation system becomes very low. The effects 
of airway and leakage resistances on the three ventila- 
tion systems considered were each analyzed with both 
brattice line and auxiliary ventilated districts. 

U-SYSTEM VENTILATION 
Volumetric efficiency is defined as the ratio of airflow 

reaching the district to the total airflow entering the 
outbye end of the district. For a U-type ventilation sys- 
tem (see previous article) and a brattice line district 
(resistance of 0.6 N-s2/m8), the loss of volumetric 
efficiency is rapid at first and then slows as the panel 
advances. The volumetric efficiency is insensitive to 
changes in airway resistance. Annual costs for this sys- 
tem escalate rapidly at the higher airway resistances 
and particularly for a panel advance greater than 
1500 m. The reason for this is the enhanced fan pres- 
sure necessary to maintain the district airflow at its 
desired value. The resulting rise in differential pres- 
sures between intakes and returns causes greater leak- 
age, hence the fan air volume flow must also increase. 
Reducing the leakage resistance results in a rapid 
decrease in volumetric efficiency. The results indicate 
greatly diminishing returns on both volumetric 
efficiency and yearly costs after main leakage paths 
have been sealed to moderate leakage resistances (Fig. 
1). 

0 
0 loo0 2000 Moo 4ooo Xm 

LEAKAGE RESISTANCE (Ns2/ma) 

Figure 1. Effect of leakage path resistance on volumetric 
efficiency and operating costs. [XBL 834-9222] 

52 



As the district is extended, replacing the brattice line 
with an auxiliary fan/duct ventilation system (resis- 
tance of 0.0002 N-sZ/ms) causes the volumetric 
efficiency to fall less rapidly for any given leakage path 
or airway resistance. The volumetric efficiency of the 
system becomes much more sensitive to airway and 
leakage path resistances. The annual cost of ventilating 
this system escalates rapidly at higher airway resis- 
tances but is substantially lower than the case of the 
brattice line district. Varying the leakage path resis- 
tance for this system does not significantly alter the . 
annual cost. The reduced pressure differential between 
intakes and returns controls the leakage, and costs 
remain low with relatively poor leakage paths. 

BOOSTER FAN VENTILATION 
If line brattices are employed in the district and the 

airways are in good condition, then the optimal position 
of a booster fan in a U-system of ventilation is as close 
to the district as possible. At this position the 
volumetric efficiency is at a maximum and the annual 
cost at a minimum. The explanation for this lies in the 
relative magnitudes of the district and airway resis- 
tances. In the limiting case, where the airway resis- 
tance is zero, the resistance along the intended airflow 
route is concentrated in the brattice district. Siting the 
booster fan at the district itself counteracts the pressure 
drop across the district, leaving an effective resistance 
near zero for the complete airflow route. Hence the 
volumetric efficiency tends to 100%. As the intake and 
return airway resistances increase, relative to the dis- 
trict resistance, the siting of the booster fan becomes 
less critical. 

In common with other systems, large cost savings and 
higher volumetric efficiencies are obtained by better 
sealing of poor leakage paths, with rapidly diminishing 
returns after the obvious leakage areas have received 
attention. 

When auxiliary ventilation is employed at the work- 
ing faces, there is no longer a concentration of resis- 
tance at the district end of the panel. The optimum 
position of the boaster fan moves away from the district 
to midway along the panel, provided that the airway 
resistances are uniform along their length. More gen- 
erally, the volumetric efficiency will be greatest and 
annual cost lowest when the booster fan is sited in the 
vicinity of highest airway resistance. 

THROUGH-FLOW VENTILATION 
The majority of leakage in mine ventilation systems 

occurs between intake and adjacent return airways. 
The through-flow design avoids this problem by geG 
graphical separation of intakes and returns. A 
through-flow connection is initially developed between a 
trunk intake and a trunk return, these being typically 1 
to 2 km apart. The working areas advance (or retreat) 
along this connection. All airways function as returns 
in advance of the working face and as intakes at the 
rear or vice versa. For a brattice line district the 
volumetric efficiency is high and independent of airway 
resistance or panel advance. The annual costs are low 
and decrease with panel advance. The reason is that 
the higher-resistance returns decrease in length as the 
panel advances. It was evident from the through-flow 
results that there is little significant difference in 
operating costs over the range of airway resistances 
investigated. Increasing the leakage path resistance 
does little to improve either the volumetric efficiency or 
annual operating costs. Replacing the brattice line dis- 
trict with auxiliary ventilation increases the volumetric 
efficiency, which remains independent of airway or 
leakage path resistance or panel advance. The effect of 
airway or leakage path resistance on annual cost is simi- 
lar to the brattice line case except that the magnitudes 
of the costs are less. 

COMPARISON OF SYSTEMS 
Direct comparisons of operating costs for the three 

systems are given in Figs. 2 and 3. These diagrams are 
based on typical resistance values. 

The comparison of operating costs for a brattice line 
district is given in Fig. 2. This demonstrates the 
economic price paid by the conventional U-system; the 
costs accelerate rapidly with distance advanced. Such 
cost escalation is diminished to a great extent by the 
pressure control achieved by a booster fan. For the first 
300 m the through-flow system is the most expensive. 
However, in this case the operating costs reduce with 
distance advanced and remain low throughout the life 
of the panel. 

The operating costs for the low-resistance auxiliary 
ventilated district are shown in Fig. 3. These indicate 
rising costs for both the U-system and the booster fan. 
Only if the airways deteriorate to a poor condition 
could a booster fan be justified in conjunction with aux- 
iliary district ventilation. Again, the operating costs 
are very low for the through-ventilation system and fall 
as the panel advances. 

The results of the investigation indicate clearly that 
the conventional system of intakes and adjoining 
returns is the least attractive in terms of operating cost. 
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Figure 2. 
in the district. [XBL 834-9221] 

Comparison of operating costs using line brattices 

DISTANCE (IN flETERS> 

Figure 3. 
ventilation in the district. 

Comparison of operating costs using auxiliary 
[XBL 834-9220] 

It is the most sensitive to the effects of airway resis- 
tance and deterioration of leakage paths. Furthermore, 
the costs rise rapidly as the panel advances. 

Notwithstanding the economic disadvantages of the 
U-system, it has considerable practical merit. Mining 
can be commenced with very little initial development. 
The ventilation of conveyor roads can be assisted by 
controlled leakage. Leakage of fresh intake air can 
assist considerably in diluting dust, gas, heat, and 
humidity concentrations in return airways. 

The analyses have indicated the economic advantages 
of employing a booster fan in areas of high resistance to 
airflow. For districts using line brattices, the optimum 
position for the fan would be in, or close to, the work- 
ing areas. For regions of high airway resistance, the 
fans should be located within those sections. The inten- 
tion is to provide the fan pressure where the frictional 
pressure drops are highest. Although discouraged in 

U.S. coal mines, there are, in fac very considerabl 
economic and safety advantages in a controlled recircu- 
lation system using booster fans. 

First, it can be shown, both theoretically and in prac- 
tice, that the maximum concentration of gas in any part 
of a mine depends only upon the rate of gas emission 
and the volume of through-flow air supplied. If these 
remain constant, no amount of internal recirculation 
within that part of the mine can raise the maximum 
concentration of gas. On the contrary, the increased air 
velocities resulting from controlled recirculation will 
assist in turbulent dispersion of the gas into the general 
body airflow. 

Second, the availability of reliable planning p r e  
cedures through computerized ventilation network simu- 
lations allows the sites and pressure-volume duties of 
booster fans to be investigated in detail. The effects on 
airflow distribution and air leakage can be studied in 
advance in order to avoid recirculation. 

There are a number of situations in an existing set of 
mine workings where booster fans might be considered: 

1. Where main fans are at their maximum duty and 
further airflow is required. Installing higher-capacity 
new main fans will give much greater operating costs 
than an appropriately sited booster fan. 

2. To control leakage in a situation where-the work- 
ings have extended well out from the surface-connecting 
adits, shafts, or slopes. 

3. Where the network is out of balance to the extent 
that natural splitting causes some areas to be ade- 
quately ventilated and others to be insufficiently ven- 
tilated. 

4. Using standardized "in-duct" fans, modern 
booster fan installations may be erected and dismantled 
quickly. 

In all cases, the installation of a booster fan should be 
preceded by pressure-volume ventilation surveys and 
network analysis investigations. 

The investigations into the through-flow system have 
indicated that its volumetric efficiencies are highest and 
that its operating costs are low and do not increase as 
the panel advances. This result confirms practical 
experience of through-flow designs. However, the 
extremely high volumetric efficiencies given by the 
model are not reflected in actual mine situations. The 
single district panel used as a common basis for the 
model studies is an ideal situation for the application of 
through-flow ventilation. There are no air crossings, 
and the stoppings or ventilation doors at the return end 
of the district are sited close to the working area. 
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Hence there are very few leakage paths. 
When applied to a multidistrict mine, the benefits of 

higher efficiencies and reduced costs still exist but are 
degraded by additional leakage paths. The more scat- 
tered the working districts are on the mine plan, the 
less attractive through-flow ventilation becomes. 

Through-flow ventilation needs at least one connee 
tion between the extremities of the panel before the sys- 
tem can be fully established. Figures 2 and 3 both 
indicate that during the early stages of panel advance, 
when there are few leakage paths, the ventilation 
operating costs are low, regardless of the system used. 
It is only later in the panel advance that the costs of 
the U-system soar. An attractive proposition, therefore, 
is to commence mining by the conventional U-system 
and simultaneously drive forward with development 
headings, so that the through connections can be made 
and through-flow ventilation established before the U- 
system costs start to escalate rapidly. 

CASE STUDIES 
To complete the analysis, two case studies were per- 

formed and the results compared with those of the 
model studies. The first case study involved a complex 
room-and-pillar mine of low volumetric efficiency. The 
working districts of this mine were separated by long 
intake and adjacent return airways. Four of the work- 
ing districts were close to the trunk airways, and two 
districts were reached via long secondary mains con- 
nected to the trunk system. The districts used brattice 
lines to course the air around the working faces. The 
results of the network analysis exercises indicate that 
installing auxiliary ventilation improved the volumetric 
efficiency and reduced the annual costs for the districts 
close to the trunk airways but did little for more remote 
working areas. The resistances of the stoppings and 
other leakage paths was always adequate. Booster fans 
were found to be very effective at ventilating remote 
areas of the mine and reducing leakage. The optimal 
positions of the booste; fans were in areas of high resis- 
tance and in places where it was necessary to reduce 
large leakage. Through-flow ventilation was the most 

efficient and economical of all the systems examined. 
The second case study involved an analysis of a small 

longwall coal mine. Ventilation surveys were conducted 
and the existing system analyzed by the VNET mine 
ventilation simulation program. 

The mine already practiced a form of through-flow 
ventilation, the results of which agreed with the trends 
indicated by the model studies. However, the particu- 
lar importance of airway resistance in a through-flow 
ventilation system was highlighted by this case study. 
Attention to a few high-resistance airways gave greatly 
improved ventilation costs and efficiency. 

In both case studies, the results correspond well with 
the conclusions of the model studies. 

SUMMARY 
The work outlined here highlights the important prin- 

ciples involved in the design of efficient and cost- 
effective ventilation systems. Some of these matters are 
self-evident, such as the maintenance of stoppings in a 
good condition. Others are not so well understood, 
including, perhaps, the role of face resistance or the 
cumulative effect of long lines of stoppings and other 
leakage paths. In the original reports (McPherson and 
Wallace, 1982; Wallace and McPherson, 1982), the 
results of the project have been summarized as a series 
of guidelines for those responsible for the design and 
control of mine ventilation systems. 
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THE BEHAVIOR OF ROCK-FLUID 
SYSTEMS AT ELEVATED TEMPERATURES 

ANDPRESSURES 

W; H. Somerton and M.S. King 

For a number of years we have been studying the 
properties and behavior of rock-fluid systems at elevated 
temperatures and pressures. In addition to measuring 
the effects of pressure, temperature, and fluid satura- 
tions on such properties as pore and bulk compressibili- 
ties and thermal expansions, P- and S-wave velocities, 
absolute permeability, electrical resistivity factor, and 
thermal conductivity and diffusivity, progress is also 
being made on the development of models that describe 
the effects of changes in the experimental parameters. 
These models will have important applications in many 
underground operations in which high temperatures and 
pressures are encountered. 

Progress during the past year has been made in the 
development of a computer-controlled and monitored 
apparatus for measuring most of the above-listed proper- 
ties simultaneously (sequentially) on the same test 
specimen under the same test conditions. The permea- 
bility apparatus has been completely rebuilt and linked 
to the computer system. The compressibility-thermal 
expansion apparatus has also been rebuilt and also 
linked to the computer. Further progress has been 
made in developing a mathematical model for pore 
compressibility. Upon completion of tests on three 
suites of basalt cores associated with the Hanford waste 
disposal project, work was begun on improving the ther- 
mal conductivity apparatus. 

MULTIPROPERTIES APPARATUS 
Some progress has been made in developing the mul- 

tiproperties apparatus. With basic engineering design 
and fabrication of internal components for the cell com- 
pleted, purchase of ancillary components and detailed 
assembly was begun. Because of complexities arising 
from the design criteria of multiple simultaneous meas- 
urements, assembly of the cell internal components 
required considerable engineering effort. Work in this 
area continues as detailed problems with such com- 
ponents as feed-through systems are resolved. In paral- 
lel with this effort, work continued toward completion 
of other components of the overall test system. A 
constant-current source needed for resistivity 

measurements was designed and fabricated. A special 
thermal conductivity probe, incorporating a 5-W heater 
and a thermocouple junction inside a 1/1&in.-OD tube 
was designed and built. Equipment was purchased for 
a system to provide necessary cooling of internal com- 
ponents. Finally, design and purchase of components 
was completed for a gas pressurization system that will 
provide, initially, for manual control of the cell 
confining pressure. Assembly of this system is under- 
way. 

PERMEABILITY 
The high-temperature permeability apparatus was 

completely rebuilt and interfaced with the I.SI-11/23 
computer. Brown (1981) has described the design and 
development of a microcomputer control and data 
acquisition system for the rock properties experimental 
apparatus. The application of this system is to the mul- 
tiproperties apparatus, but Beale (1982) has adapted it 
to the rebuilt high-temperature permeability apparatus. 

Beale (1982) describes in detail the improvements 
made in the permeability apparatus to eliminate possi- 
ble sources of error. Briefly, these include placing 
filters and flow stabilizers at either end of the test 
specimen to eliminate possible effects of plugging by 
colloidal iron or other impurities. Flowing-fluid tem- 
perature sensors have been placed in the fluid stream at 
inlet end caps. The external pressure vessel heaters 
have been mounted in a split furnace that surrounds the 
vessel and ensures uniform heating. A new temperature 
controller for the heaters has been added, which 
operates by feedback from the computer. By this 
means the cell can be heated at a nearly constant rate 
and temperatures held constant at measuring condi- 
tions. Confining and pore pressure control is not yet 
provided by the computer but rather is controlled exter- 
nally by appropriate regulators. Data from the experi- 
ment are fed into the computer, appropriate calculations 
made, and permeability and test conditions printed out 
periodically. 

Permeability tests have been run on several Berea 
Sandstone cores at temperatures to 165°C. Results 
show that permeability is only slightly reduced at 
elevated temperatures, if at all, for constant pore and 
confining pressures. There are indications that some 
slight reductions in permeability might be starting to 
occur at the highest test temperatures. These results 
are consistent with results of measurements of the 
effects of temperature on formation resistivity factor as 
reported earlier by Rugama (1981). 

56 



COMPRESS I B I LITY 
Zimmerman (1982) has reported on his development 

of a pore and bulk volume compressibility model. A 
spherical pore model has been extended to the cases of 
prolate and oblate spheroidal pores. Results of the 
work show that bulk and pore compressibilities can be 
predicted from these mathematical models knowing only 
elastic constants of the rock solids, porosity, and a 
geometric factor that can be defined in terms of aspect 
ratio of the pores. 

The experimental apparatus for measuring bulk and 
pore compressibilities at elevated temperatures has been 
rebuilt to provide experimental verification of the model 
results. The strain gauges used for measuring changes 
in bulk volume are rated for a continuous-use operating 
temperature of 290°C and are mounted directly onto 
the rock core sample. Signals from the strain gauges 
pass through an amplifier and then through an A/D 
converter before entering the computer. 

Pore volume measurements are the most demanding 
aspect of this experiment: although the total change in 
the pore fluid volume can be detected, only part of it is 
due to actual changes in pore volume of the sample. 
The remainder of the volume change is due to the 
compressibility of the pore fluid, the tubing, etc. This 
effect is corrected for by running a test without a core, 
simply by putting the end caps face to face and deter- 
mining the pressure and temperature expansion 
coefficients of the apparatus itself. The total volume of 
the pore fluid under pressure in the system must be 
known to correct for fluid compressibility and thermal 
expansion. 

Changes in fluid volume are measured by means of a 
device developed by King (1978). consisting of a 
precision-bore cylinder containing a movable piston con- 
nected to a linear variable differential transformer 
(LVDT). Movement of the piston is calibrated to give 
changes in volume within k l . 3  X mL. The other 
end of the piston is connected to a larger piston, having 
an area ratio of 20: 1, upon which nitrogen pressure acts 
to maintain the pore fluid pressure at a constant value. 
Output of the LVDT is sent to the computer through a 
signal conditioner and an A/D converter. A pressure 
transducer, with a range of 0-69 MPa (0-10,OOO psi), 
measures the pore pressure. The computer compares 
this pressure to the desired reference pressure and then 
instructs a stepping motor to either increase or decrease 
the nitrogen pressure. This system allows the pore pres- 
sure to be maintained constant within k0.07 MPa (10 

psi) during periods in which either the confining 
pressure or the temperature is changed. 

The pressure vessel is heated by segmented cylindri- 
cal electrical heaters built into a split furnace that sur- 
rounds the pressure vessel. Furnace temperature is con- 
trolled by the computer using feedback from a sensor in 
the furnace to a controller, which permits temperature 
to be raised at a constant rate and then maintained at a 
constant temperature to within k3"C. Two thermocou- 
ples are used to measure the temperature of the pore 
fluid in the two end-cap fluid ports. These have shown 
that the average of the two temperature values is within 
22°C  of the temperature of the specimen. 
Tests are being run on Berea, Boise, and Bandera 

Sandstones. Initially, confining pressures vary from 7 
to 41 MPa (1000-6000 psi), and the pore pressure is 
limited to 28 MPa (4000 psi). Temperatures range 
from room temperature up to 180°C (356°F). 
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EFFECT OF FRACTURE 
CHARACl'ElU!3"ICS UPON ACOUSTIC 

WAVE PROPAGATION IN BOREHOLES 

R Rachiele and M.S. King 

In rocks of low porosity, in situ fluid permeability is 
usually controlled by the permeability of fractures. 
Knowledge of the permeability of low-porosity rocks is 
critical to any endeavor in which fluid migration is 
involved, such as the storage of hazardous wastes, 
geothermal energy extraction, and natural gas recovery. 
Geophysical borehole methods have demonstrated the 
ability to detect the presence of fractures, and therefore 
have the potential for assessing the rock mass permea- 
bility. In particular, the borehole sonic log has shown 
considerable promise for locating and characterizing 
fractures in rock. 

In fiscal 1982 a program was initiated to perform 
sonic borehole logging measurements across fractures 
whose orientation, permeability, and normal stress are 
well known. Preliminary field tests were made in a hole 
30 m deep and 76 mm in diameter at the Raymond 
Granite Quarry, located in the Sierra foothills north of 
Fresno, California. Core and TV logs are available for 
this hole, as well as hydrologic measurements for a 
number of fractures intersecting the hole. 

The borehole measurements were performed using a 
commercially available sonic logging tool 60 mm in 
diameter with two piezoelectric receivers spaced 0.9 m 
and 1.2 m above a piezoelectric transmitter having a 
centerband frequency of 27 kHz. Waveforms were digi- 
tized downhole by the tool, transmitted up the logging 
cable, processed by a microcomputer, and stored on a 
floppy disk. 

Four wave modes are present in borehole sonic 
waveforms (Fig. 1). Compressional (P) and shear (S) 
waves are generated in the rock by fluid compressional 
waves radiating from the transmitter. These are 
refracted along the borehole wall, with the P-wave 
being the first arrival and the S-wave the next prom- 
inent event. In addition, two guided wave modes occur. 
One is the tube wave, or Stonely wave, which travels 
along the fluid-solid interface at about 0.9 the fluid P- 
wave velocity and is the dominant mode in the last part 
of the recorded waveforms in Fig. 1. The other guided 
wave modes are the "normal" modes (Grant and West, 
1965), which arise from the constructive interference of 
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Figure 1. Waveforms recorded by the near receiver at a 
depth of 13.7 m in the Raymond Granite Quarry borehole. 
In the top waveform, the compressional shear and tube wave 
arrivals are indicated. The normal mode probably begins at 
450 p . ~  and interferes with the tube wave that first arrives at 
660 p.  The four waveforms were recorded at a fixed depth 
as the fluid pressure was increased for a horizontal fracture 
located near the receiver. The effective overburden stress at 
this depth is 0.22 MPa. [XBL 834-1721 

fluid waves that are multiply reflected from the rock 
and sonic tool interfaces. These normal modes are 
influenced by the elastic properties of the solid 
reflecting surfaces, and travel down the hole at speeds, 
depending upon frequency, between the S-wave velocity 
of the rock and 0.8 the fluid P-wave velocity. In most 
cases, the normal-mode waves dominate the last part of 
the waveform record, making analysis of the shear and 
tube waves difficult. However, for the source frequency 
and the thickness of the water layer used in this study, 
the normal modes are less significant (Paillet and 
White, 1982). 

Two experiments were carried out in the Raymond 
Granite Quarry. In one, a packer located above the 
sonic tool was employed to seal the hole, and water was 
pumped to the packed-off zone to pressurize the fluid in 
a permeable fracture located between the transmitter 
and the two receivers of the sonic tool. The fluid pres- 
sure was intended to decrease the normal stress across 
the fracture, thereby increasing the fracture aperture 
and thus the permeability of the fracture in the vicinity 
of the borehole. Figure 1 contains a set of waveforms 
recorded at a fixed location in the hole while the fluid 
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pressure was increased, with the transmitter and 
receivers straddling the fractures. Readily apparent is 
the decrease in tube wave amplitude with increased 
fluid pressure. Rosenbaum (1974) has proposed that for 
a homogeneous porous formation, the tube wave ampli- 
tude decreases with permeability of the wall rock. It is 
to be expected that an S-wave crossing a horizontal 
fracture decreases in amplitude with a decrease in 
stress across the fracture and a corresponding decrease 
in the contact area. However, the shear amplitude, and 
possibly the normal mode amplitudes, appear in this 
study to increase slightly with fluid pressure. An 
enhanced shear amplitude in the presence of horizontal 
fractures has also been reported by Paillet (1980). If a 
fracture is situated near or adjacent to the transmitter, 
it is easier for the fluid P-wave generated by the 
transmitter to induce a shear wave in the rock, since 
the rock on one side of the fracture is partially decou- 
pled from the rock on the other side of the fracture. 
The same effect is also observed when the receiver is 
adjacent to a fracture. Thus the receiver in this test 
probably is adjacent to a nearby fracture. In fact, the 
receiver further away from the transmitter does appear 
to show a decrease in shear and normal mode ampli- 
tude. 

An example of S-wave amplitude enhancement due to 
the juxtaposition of either a receiver or transmitter to a 
fracture can be seen in the results of the second experi- 
ment at the Raymond Granite Quarry. In this experi- 
ment there was no pressurization of the borehole fluid, 
and the logging tool was simply lowered down the hole 
past a pair of fractures: a vertical fracture intersecting 
a subhorizontal fracture, known to be permeable from 
hydrologic tests. Waveforms from the two receivers 
were collected at 0.15-m intervals. When either a 
receiver or the transmitter was adjacent to the subhor- 
izontal fracture, a large shear amplitude was recorded, 
as shown in Fig. 2. With the fracture located between 
the transmitter-receiver pairs, the amplitudes of all 
wave modes were diminished. 

The fracture also had a demonstrated effect on the 
P-wave travel time (Fig. 2). Though this interpretation 
is complicated by a quartz vein associated with the f r ae  
ture, increases in P-wave travel time in the presence of 
fractures have been noted before (King et al., 1978; 
Nelson et al., 1982). The delay in P-wave arrival is 
much greater than can be simply attributed to a layer 
of fluid of thickness <I mm replacing an equivalent 
thickness of rock. Tsang and Witherspoon (1981) sug- 
gest that a fracture with an aperture of a few hundred 
microns may influence the compliance in a zone of rock 
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Waveforms recorded in the vicinity of a prom- 
inent subhorizontal fracture intersected by a vertical fracture 
located at 22.5 m. The transmitter-receiver locations are 
given for the waveforms shown. Note the large shear ampli- 
tude when either the transmitter or receiver is adjacent to the 
fracture. Also plotted is the time for the P-wave to travel 
0.3 m between the near and far receivers. [XBL 834-1711 

on both sides of the fracture on the order of centime- 
ters. The width of this zone is probably determined by 
the distance between the contacting asperities of the 
fracture (Y. Tsang, private communication, 1982). 

CONCLUSIONS 
Preliminary field tests show that the various borehole 

sonic wave modes are affected by the presence of 
permeable fractures. The results encourage further 
field experiments with controlled fracture conditions in 
order to form a more quantitative link between fracture 
properties and the character of borehole sonic waves. 
Theoretical expressions should also be developed for the 
acoustic phenomena observed in the field tests-e.g., 
the effect of fractures on shear amplitude, tube wave 
amplitude, and P-wave travel time. 
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RECOMMENDATIONS FOR STRESS 
MEASUREMENT PROGRAMS IN HARD 

ROCK REPOSITORY SITES 

T.W Doe 

The Stripa Mine has been the site of an extensive 
program for comparison of different methods of stress 
measurement. The stress measurements were performed 
in a 381-m-deep borehole drilled from the surface 
(SBH-4) and in short holes drilled in the vicinity of the 
full-scale heater test underground (BSP- 1,2,3). The 
locations of the boreholes are shown in Fig. 1. In the 
deep surface hole, stress measurements were made by 
the Swedish State Power Board using their deephole 
Leeman triaxial gauge and by Lawrence Berkeley 
Laboratory using hydraulic fracturing. Underground, 
the Power Board gauge was used again, together with 
the borehole deformation gauge of the U.S. Bureau of 
Mines and the triaxial gauges of the University of 
Lulei and the C.S.I.R.O. (Council of Scientific and 
Industrial Research Organizations, Australia). Tests 
with the latter three gauges were performed by W. Hus- 
trulid of the Colorado School of Mines and by B. 
Leijon of the University of Lulei (Sweden). Details of 
the stress measurement work are presented in Doe et al. 
(1982). 

On the basis of the Stripa work, it is possible to make 
recommendations on the design of stress measurement 
programs for nuclear waste repository sites. Stress 
measurement programs should address three basic ques- 
tions: 

to rock properties, 

Rosenbaum, J.H., 197 
p. 1215-1228. 

Geophysics, v. 47, no. 8. - -  - 

Synthetic microseism* 
grams: Logging in porous formations. Geophysics, 
v. 39, p. 14-32. 

Tsang, Y., and Witherspn, P.A, 1981. 
Hydromechanical behavior of a deformable rock 
fracture subject to normal stress. Journal of Gee 
physical Research, v. 86, no. B10, p. 9287-9298. 

1. At what stage should stress measurements be per- 
formed? 

2. What methods should be used? 
3. How many measurements should be performed? 

Figure 1. Location of holes for stress measurement at 
Stripa. Insets show average secondary stresses and their 
magnitudes. [XBL 811 1-48371 

60 



TIMING OF STRESS MEASUREMENT IN 
EXPLORATION PROGRAMS AND 
SELECTION OF METHODS 

Stress measurements should be performed before 
starting the construction of underground workings. The 
stress data are used to determine if the stress conditions 
are unfavorable for the stability of openings and to 
determine what measures should be taken in the design 
to assure proper working conditions. 

In the past, many underground projects have been 
initially designed using assumptions of stress magni- 
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tudes based on gravity loading alone. Two assumptions 
are commonly cited. Heim’s rule states that stresses 
should be hydrostatic and equal to the stress generated 
by the weight of the overburden. This assumption is 
based on the premise that creep will bring all the 
stresses into equilibrium. The second predicts that the 
vertical stress is equal to the overburden pressure and 
that the horizontal stress is due only to Poisson’s effect. 
For a Poisson’s ratio of 0.25, the horizontal stress is 
one-third the vertical. 

Predictions of the stress state based on gravity are in 
error when applied at Stripa. The maximum horizontal 
stress is at least a factor of 2 greater than the theoreti- 
cal gravity-induced value. This high horizontal stress 
condition is similar to that observed in measurements in 
the Canadian Shield rocks (Haimson, 1978; Herget, 
1982). The design of the repository should therefore be 
based on actual stress measurements rather than on 
assumptions of the stress state based on theory. 

Stress measurements should be performed as part of 
the early borehole exploration of a candidate site. 
Hydraulic fracturing should be complemented by over- 
coring measurements from the surface. In general, 
hydraulic fracturing is capable of providing satisfactory 
data on the stress ratios and the stress directions. But, 
in cases where the stress ratios are large or where the 
principal stresses are not coaxial with the borehole, 
hydraulic fracturing records may be misinterpreted. 
Overcoring measurements, made with methods that 
measure the complete state of stress, can be used to 
check the magnitudes of these errors. The only means 
of obtaining deep overcoring stress measurements is to 
use the Swedish State Power Fkmd‘s Leeman triaxial 
gauge. This gauge gave good results at Stripa. 

Both the hydraulic fracturing and the overcoring 
magnitude data from Stripa showed a considerable 
amount of scatter, as can be seen in the stress vs depth 
plots from SBH-4 (Figs. 2 and 3). Since stress meas- 

h 

Figure 2 Horizontal secondary stresses in SBH-4 as deter- 
mined by overcoring. Curved lines are 90% confidence inter- 
vals for the regression line. Triangles show maximum hor- 
izontal stress; circles show minimum horizontal stress. Open 
symbols show interpolated values at the depth of the test 
facility. Solid line about the open symbols is the standard 
error of estimate. [XBL 821CJ25371 

Figure 3. Horizontal secondary stresses in SBH-4 as deter- 
mined by hydraulic fracturing. See caption of Fig. 2 for 
explanation. [XBL 821CJ25361 
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urement data from other repository sites can be 
assumed to have similar scatter, it will be important to 
perform a sufficient number of tests to assure that the 
stress values used for design purposes have been deter- 
mined to an acceptable degree of accuracy. Assuming 
the goal of the stress measurement program is to obtain 
the value of the stresses at the depth of the repository, 
we should consider how to obtain a data set that has 
acceptable confidence intervals. Confidence intervals 
for stresses at a particular depth can be obtained either 
by analyzing a large number of measurements taken at 
the depth of interest or by interpolating values using a 
linear regression of data from measurements taken over 
a range of depths. In either case the number of meas- 
urements will be approximately the same; however, as 
the number of suitable test zones in the hole may be 
limited, it might be more efficient to use the linear 
regression approach. It is difficult to specify the 
number of tests required to obtain a particular 
confidence interval using linear regression, because the 
quality of the estimate will depend on how the data are 
distributed with respect to depth. A program in which 
the stresses are measured from the surface to a depth 
twice as great as that of the horizon of interest will pro- 
vide data with the highest degree of confidence for 
designing the underground facility. If testing to such 
great depths is not practical, tests should be made as 
deep as the target depth and preferably somewhat 
deeper. 

The stress measurement data gathered from boreholes 
drilled from the surface can be used for justifying a 
candidate site and for designing the initial shaft and 
underground test facilities. Once the shaft is com- 
pleted, the stress measurements should be confirmed by 
means of overcoring measurements made with a reliable 
device, such as the USBM gauge or the Leeman triaxial 
gauge. These measurements may be complemented by 
hydraulic fracturing. The hydraulic fracturing will be 
especially useful if an acoustic emission experiment is 
performed to map the propagation of the hydraulic frac- 
ture (Majer and McEvilly, 1982). Past experience has 
shown that overcoring results can be highly variable. 
Much of this variability is attributable to the fact that 
strains are measured over lengths that are small-so 
small that local heterogeneities may affect the results. 
Hydraulic fracturing, however, provides a larger-scale 
measurement. Furthermore, the actual orientation of 
the hydraulic fracture should be a reliable indicator of 
the plane of the maximum and intermediate principal 
stresses. These data for the hydraulic fracture can pro- 

vide a valuable supplement to the overcoring results. 
The Stripa experiments showed that principal stress 

directions can vary considerably over distances of hun- 
dreds of meters (the distance between SBH-4 and the 
full-scale drift). It is therefore important that stress 
measurements continue to be carried out as the r e p i -  
tory is developed and new areas of the rock mass are 
opened. This is particularly true if major variations in 
the rock material properties or lithology are discovered. 

REQUIRED NUMBER OF 
MEASUREMENTS 

In situ stress data are notorious for their considerable 
scatter, in both orientation and magnitude. The values 
used for design of the repository will most likely be the 
mean values of the stress determinations. Given the 
scatter in the stress measurements, it is important that 
a sufficient number of measurements be performed so 
that the confidence intervals for the means will be nar- 
rowly defined. No guidelines currently exist for the 
required confidence intervals for stress data. For the 
purposes of this discussion, it is suggested that the mag- 
nitudes be known within f10% of the mean and that 
the orientation of the maximum horizontal stress be 
known within f15'. 

These limits are based on the stress analysis of a sim- 
ple case-that of the stresses around a single tunnel. 
In general, it is preferable to avoid having large 
differential stresses in the plane normal to the tunnel 
axis. If a granite site has a ratio of maximum horizon- 
tal to vertical stress greater than 2.51, portions of the 
sidewall might be in a state of tension, according to the 
stress analysis method of Hoek and Brown (1980). If 
the rock is unjointed, tensile failure might occur, or, if 
the rock is jointed, the joints may open to provide leak- 
age paths for the contaminated groundwater. The in 
situ stress ratio in the plane normal to the tunnel axis 
can be minimized by orienting the tunnel in the direc- 
tion of the maximum horizontal stress. If one were to 
make an adjustment of the alignment of the tunnels to 
avoid unfavorable sidewall stresses, it would be very 
important to know the mean direction of the maximum 
horizontal stress with a high degree of confidence, 
perhaps about f15' .  Data with confidence limits 
approaching 45' would be virtually useless, as the lim- 
its would include both the most favorable and the least 
favorable tunnel directions. 

For a repository site in a hard rock such as granite or 
basalt, required confidence in the magnitudes of the in 
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situ stresses would depend on the range of the calcu- 
lated stress ratios. For example, if the mean maximum 
and minimum horizontal stresses at the depth of 
interest were 20 MPa and 10 MPa with a confidence 
interval of + 5  MPa, the stress ratio would lie in the 
range from 1 (hydrostatic) to 5 .  Conservatively design- 
ing around the higher ratio might entail considerable 
additional expense in the excavation and operation of 
the repository. By designing the stress measurement 
program to obtain data with closer confidence limits, 
the stress ratio would be restricted to a smaller range, 
thus allowing use of a simpler, less costly repository 
design. There are therefore important economic reasons 
for having tight confidence intervals for the stress mag- 
nitudes, particularly since the ratios of the maximum 
horizontal stress to the minimum horizontal stress and 
to the vertical stress are commonly about 2:l. 

The standard error of estimate values for the meas- 
urements in SBH-4 (Table 1) were used in constructing 
Fig. 4, which shows the variation in confidence interval 

with the number of measurements. For the stress mag- 
nitudes, 20 measurements should be sufficient to define 
the magnitudes within 10% of the maximum stress 
value. Additional data points do not improve the 
confidence intervals appreciably, hence there does not 
appear to be justification for performing more tests. 
Fifteen measurements are sufficient to define the max- 
imum stress orientation within 20°, and again there is 
little improvement that can be achieved by obtaining 
additional data points. 

Also shown in Table 1 are the confidence intervals for 
the slopes of the regression lines shown in Figs. 2 and 
3. The intervals show that regression lines cannot be 
used to extrapolate stress values from shallow test data. 
In general, the Stripa underground data were more 

consistent than the data from SBH-4. The same 
confidence intervals should be attainable with 10 meas- 
urements by each technique for sites where the data are 
as variable as those for the full-scale drift area. 

Table 1.  Regression statistics for SBH-4 stress measurement results as a function 
of depth. 

Standard error 
s1opea Intercept Correlation of estimate 

(MPa/m) (MPa) coefficient ( m a )  

Hydrofracturing 
0.034 k 0.016 11.3 0.70 4.1 
0.023 f 0.005 2.1 0.91 1.5 

“Hmax 
uHmin 

Overcoring 
0.072 k 0.026 2.3 0.81 4.8 
0.037 k 0.021 0.3 0.64 5.5 

“ W X  

“Hmin “.. - - 0. 38b - 

‘Given with 90% confidence intervals. 
bCorrelation coefficient vs depth does not pass significance test. 
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Figure 4 Improvement in confidence interval with number 
of stress measurements. (Top) 90% confidence interval for 
stress magnitude based OR standard deviation of 4 MPa. 
(Bottom) 95% confidence interval of maximum secondary 
stress orientation for vector lengths of 0.6 and 0.8. [XBL 
8210.29721 
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GEOCHEMISTRY 

Much of the Geochemical research summarized here focuses upon the behavior of 
subsurface aqueous fluids at high temperatures and pressures. Such fluids are 
capable of dissolving and transporting considerable quantities of material and of 
interacting physically with the rocks through which they pass. 

Concern about radioactive waste disposal-d the security of the waste both 
chemically and physically-has led to extensive modeling of the repository 
environment and to the analysis of ion migration and the chemical interaction of 
fluids flowing through rocks. In addition, natural analogs of a radionuclide 
repository have been studied, as well as the movement of meteoric water through 
old mill tailings dumps containing uranium. Such studies also involve maintaining 
a data base on aqueous radionuclide species and on the surface chemistry of 
minerals likely to be used in repository barriers. 

One research group, working far from these low-temperature environments, is 
investigating the properties of silicate liquids similar in composition to those found 
in nature as lava flows. This effort includes making calorimetric measurements on 
solid silicate compounds and their corresponding liquids to contribute to the 
fundamental thermodynamic data of geologic materials. 

This work was supported through U.S. Department of Energy Contract No. DE- 
AC03-76SF00098 by (1) the Assistant Secretary for Energy Research, M i c e  of 
Basic Energy Sciences, Division of Engineering, Mathematics and Geosciences; 
(2) the Assistant Secretary for Conservation and Renewable Energy, OIXce of 
Renewable Technology, Division of Geothermal and Hydropower Technologies; 
(3) the Assistant Secretary for Nuclear Energy, Mice of Nuclear Waste 
Management, Division of Nuclear Waste Isolation; and (4) by the Waste 
Management Research Branch, Division of Health, Siting and Waste Management, 
Wice  of Nuclear Regulatory Research, U. S. Nuclear Regulatory Commission, 
through Interagency Agreement DOE-50-80-97, FIN No. B3040-0. 
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PRELIMINARY STUDIES ON DIASPORE 
SOLUBILITY AT ELEVATED 

TEMPERATURES 

J.M. Neil and J.A. Apps 

Previously reported analyses of albite solubility meas- 
urements (Neil and Apps, 1982) have established the 
need for experimentally determined stability constants 
of hydroxyaluminum species at elevated temperatures. 
The experimental approach consisted in equilibrating a 
solid aluminum oxyhydroxide phase with a dilute NaCl 
solution at five select temperatures (25, 100, 125, 250, 
and 325°C). The autoclave was modified so that the 
pH could be varied while the system was at operating 
temperature and pressure (on the water saturation 
curve). The hydroxyaluminum species stability con- 
stants can be obtained by interpreting the functional 
relationship between total aluminum in solution and pH 
(May et al., 1979). 

Diaspore, the most stable phase over the temperature 
range of interest in the system Al,03-H,O, was selected 
over other commonly occurring phases such as corun- 
dum, gibbsite, and boehmite. It has fast dissolution 
kinetics (Apps, 1970). However, diaspore does not pre- 
cipitate easily, and the aqueous phase can remain super- 
saturated under some conditions (G.M. Lafon, personal 
communication, 1982). 

The isoelectric point is defined as the pH at which 
the positively and negatively charged species in a solu- 
tion are equally ionized. For the aqueous aluminum 
system this is also the pH of minimum solubility. 
Since the location of the isoelectric point as a function 
of temperature is an important parameter for defining 
the system, and since the minimum solubility deter- 
mines the lower limit requirement for aluminum ana- 
lyses, the initial experiment was designed to follow the 
isoelectric point as a function of temperature. 

MATERIALS CHARACTER1 ZATI ON 
The diaspore chosen for the experimental study was a 

large single crystal from Muglu, Anatolia, Turkey. An 
x-ray powder pattern of the diaspore single crystal is in 
excellent agreement with published data (Swanson et 
al., 1953). Two additional lines were observed: one 
that is often observed in natural diaspore samples and 
another that appears to be due to traces of the tenta- 
tively identified, iron-rich accessory mineral chloritoid. 

Neutron activation analysis (NAA) of the selected 
diaspore is summarized in Table 1. The water content 
was determined by weight loss after heating, and the 
silica, to which NAA is particularly insensitive, was 
determined by the molybdate blue method (American 
Public Health Association, 1975) on dissolved lithium 
metaborate/diaspore fusion glasses. 

Table 1. Provisional diaspore composition (reported 
as wt% oxide). 

Turkish Theoretical Chester,a 
diaspore composition MA 

*2'3 

H2O 
Ti 0, 

SiO, 

CaO 
Na20 

Total 

Fe203 

MgO 

84.1 * 0.9 
15.3 * 0.19 

0.062 k 0.017 
0.073 * O.OOlb 

< 0.0024' 
< 3.4d 
< l . l d  

< 0.004d 

99.54 & 0.27 

84.98 82.36 
15.02 15.38 

0.68 
0.62 
0.38 
0.38 
0.15 

not reported 

100.00 99.95 

aQuoted in King and Weller (1961). 
bUp to 0.015 wt% Fe203 may be tool steel contamina- 
tion from pellet die. 
Measured by the molybdate blue method. 

dUpper limits determined by counting statistics, and 
the total concentration of these three elements is less 
than or equal to 0.46 f 0.27 wt% oxide. 

EXPERIMENTAL PROCEDURES 
Selected diaspore crystal fragments were crushed to 

-200 mesh. The diaspore and 950 ml of 9.60 X N 
NaCl solution were sealed in a 1-L autoclave and 
flushed with C02-free N, for 20 min to purge the sys- 
tem of CO, and 0,. The temperature was raised to 
100°C for 24 h, and then raised 25°C every 12 h until 
the maximum temperature of 350°C was reached. 
After 24 h at 35OoC, the temperature was lowered by 
25°C steps back to the initial temperature of 100°C. 

Aqueous solution samples were collected at each 
25°C interval. Sample collection and initial processing 
have been described previously (Neil and Apps, 1980). 
The only significant departure from the described pro- 
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cedure is that the sample was passed under pressure 
through a 0.45-pm filter rather than being centrifuged 
to remove any suspended fines from the solution. 

The pH was measured using the procedure described 
in Neil and Apps (1980). The aluminum was deter- 
mined spectrofluorimetrically using the lumogallion 
method (Hydes and Liss, (1976). Atomic absorption 
spectroscopy (AA) was used for the sodium measure- 
ments. To reduce dilution factor errors the actual 
weights of samples and dilutants were used rather than 
the nominal pipet volumes to calculate the dilution 
correction factors. The chloride concentrations were 
determined using a chloride-ion-sensitive electrode. 

Even though special care was taken in determining 
the pH, about half the time it was impossible to meas- 
ure a stable pH (a change of 0.005 pH units or less in 5 
min). This may reflect the disequilibrium of the 
quenched samples and the lack of buffering capacity in 
the solutions. (This instability is real, since the pH 
electrode would stabilize to within several hundredths 
of a pH unit of the calibration standard in less than 5 
min). Consequently, there was substantial scatter in 
the pH observations, and there was no clear trend at 
low temperatures. 

Figure 1 shows the maximum observed value of the 

6 -  

preliminary evaluation of the diaspore solubility meas- 
urements. 

DATA REDUCTION AND RESULTS 
The procedure for reducing and evaluating data was 

similar to that reported previously (Neil and Apps, 
1980). 

Figure 2 shows the quench pH’s corrected by calcula- 
tion to their sampling temperature values. The four x’s 
represent the theoretical pH of the isoelectric point at 
100, 175, 250, and 325°C. They were calculated using 
a reaction progress simulation code in which an acid 
solution in equilibrium with diaspore was titrated by 
adding small increments of Na,O until the pH was 
raised to 12. 

Figure 3 shows the solubility quotients and the solu- 
bility products of diaspore as functions of temperature. 

Figures 2 and 3 both show that there are large errors 
in the extrapolated hydroxyaluminum stability constants 
above 200OC and that independent measurements at 
temperature must be made to determine accurate values 
of the stability constants. Below 200°C there is good 
agreement between the experimental values and the 
theoretical model for diaspore solubility and aluminum 

quenched pH as a function of temperature. The solid 
line is an attempt to fit a smooth curve to the data. 
Values from the smoothed curve were used for the 
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Figure 2. The pH at operating temperature was determined 
by calculating what the value of the quench pH would have 

Figure 1. Maximum value of the quench pH as a function 
of temperature. [XBL 834-1493] 14911 

been when it was at the sampling temperature. [XBL 834- 
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Figure 3. Comparison of thermodynamic and solubility data 
for diaspore in 0.01 N NaCl solution as a function of tern 
perature. [XBL 833-1473] 

speciation. Figure 2 does suggest, however, that there 
may be small systematic errors in the aluminum specia- 
tion. 
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THERMODYNAMIC PROPERTIES OF 
SILICATE MATERIAIS 

I.S.E. Carmichael, J. Harris, A. Kilinc, 
X. Mo, M.L. Rivers, RO.  Sack, 

and J.F. Stebbins 

Measurement of the thermodynamic properties of sili- 
cate liquids and glasses as a function of temperature 
and composition continued this year. We have new 
results on the velocity (and attenuation) of sound waves 
in silicate l iqu ids4a ta  needed to obtain the adiabatic 
compressibility of silicate liquids. The variation of 
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Fe,O,/FeO in multicomponent silicate liquids has been 
measured, as has the effect of cooling rate on the super- 
cooled liquid-glass transformation, and we have deter- 
mined the heat of mixing in liquids in a classic ternary 
silicate system. All of these measurements are required 
to predict the behavior of naturally occurring silicate 
liquids whose range of composition is large, but finite 
and systematic. 

HIGH-TEMPERATURE DROP 
CALORIMETRY 

Our measurements of relative enthalpy (H$quid - 
H e ; )  and heat capacities of silicate liquids can be 
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used both to define the standard-state properties of sili- 
cate liquids of stoichiometric mineral composition and 
to determine mixing properties in stable liquids at high 
temperatures. These data can also be related to other 
physical properties of the liquids to learn more about 
their molecular structure. 

For example, new data on liquids and glasses of 
nepheline (NaAlSiOJ composition can be combined 
with data in the literature on the heat capacity (C,) of 
the solid and on heats of solution of solid and glass to 
calculate the heat of fusion, Lw/:  

AHf,T = 49.37T - 2.7 X 104T2 - 29,070 J/mol , 

Cdiquid = 221 J/mol-K . 

Nepheline itself is not the stable phase at the melting 
point, transforming instead to the high-temperature 
polymorph, carnegieite. The metastable melting point 
can, however, be estimated as about 1720 K. AHf at 
this temperature is 47.7 kJ/mol, with the entropy 
change equal to 27.7 J/mol-K When normalized to the 
number of atoms in the formula, the latter value is very 
close to that for the stoichiometrically analogous 
mineral anorthite (CaAl,Si,O,), if we assume that Al 
and Si are disordered in nepheline and ordered in 
anorthite (ASf = 3.96 J/g-at-K for nepheline and 3.93 
J/g-at-K for anorthite). 

We have also stretched the temperature limit of the 
furnace to collect data on MgSiO, liquid, whose 
incongruent melting point is at about 1900 K. We hope 
to do solution calorimetry on this material to determine 
the heat of fusion directly for the first time. 

To explore mixing properties, we have made measure- 
ments on 13 liquids in the AbAn-Di ternary system 
( NaAlSi3O,-CaAl2Si2O8-CaMgSi2O6). Repeated meas- 
urements on four samples generally agree with our ear- 
lier data within experimental error, confirming that the 
thermodynamics in the system is considerably more 
complicated than anticipated. Unlike the Ab-An 
binary, heat capacities do not mix “ideally”; that is, 
C’ # z i  X i c p , i ,  where Xi is the mole fraction and 
?p,i the heat capacity of the end member i (chosen to 
be constant). Excess C, ranges from +5% at Ab,,Di,, 
to -7% at An,,Di6! (Fig. 1). For this reason, and 
because glass transition temperatures are not linear 
functions of composition, heats of mixing in the stable 
liquids are not equal to those in the glasses as deter- 
mined by solution calorimetry (Navrotsky et al., 1980). 

0 

\ - 5.8 

0 0 

Figure 1. Excess heat capacities of liquids with respect to 
linear mixing of the end members. Predicted values of C’ 
are divided by the standard error of the estimate of each C, 
determination. [XBL 821 1-33371 

Calculated heats of mixing are shown in Fig. 2. The 
large positive values in the CaMgSi206-rich portion of 
the system are particularly surprising. Heats of mixing 
can be combined with solid-liquid phase equilibrium 
data (Weill et al., 1980) to determine entropies of mix- 
ing, and indicate that melts in the Ab-Di binary must 
be highly disordered relative to end members: the par- 
tial molar entropy of the Di component at Ab,opi,, is 
three times that for ideal mixing of the liquid end 
members. 

Na A ISi,O, CaAI,Si,O, 

Figure 2. Heats of mixing at 1800 K in liquids of the 
NaA1Si308-CaA12Si208-CaMgSi20a ternary system. Contour 
intervals are in kcal/mol. [XBL 821 1-33381 
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We have also produced the first heat capacity data on 
silicate liquids containing large amounts of Fe3+, a task 
made difficult by the variation of Fe3+/Fe2+ with tem- 
perature at a fixed Po2. These results have been com- 
bined with other data from this laboratory and with 
those in the literature to derive, as a first approxima- 
tion, a simple mixing model for C, of silicate liquids. 
Fifty-three sets of data have been fitted as a linear 
function of nine oxide components, with results given in 
Table 1 .  Nonlinearity can be significant (as mentioned 
above), but only in data subsets that are more precise 
than the data base as a whole. Several simple 
relationships can be seen in these results. Within 
experimental error, CP~e203 = 5 / 2 C , ~ a  indicating that 
little change in C, (per atom) of a liquid takes place on 
oxidation. For the divalent cations, cp,i is much 
greater on a per atom basis than for the univalent 
cations, as is the ratio of Cp,i in the liquid to the glass, 
or the ratio of 

An interesting correlation exists between the viscosity 
of silicate liquids and the change in the heat capacity 
(AC,) between glass and liquid. The “entropy” theory 
of glass transition (Angel1 and Sichina, 1976) suggests 
that relaxation times, T ,  and hence viscosities, 7, in 
viscous liquids are related to the degrees of freedom 
added when a glass structure is “unlocked” to yield a 

- 

to C, of the solid or liquid oxide. 
8- 

v) 

II 
c -  
o 6 -  

\ 

krn 4 
i -  

2 -  
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0 

Table 1.  Coefficients in linear regressions of glass 
and liquid heat capacity data; C, in 
cal /gfW-K. 

x d i  x i ,  
i 

cdiquid = 

CpB’” = x a i x i +  T x b i x i  + T2 x c i x i .  
i i i 

A CaMg 
I 

+ sio, 

- 

I 

I I I I 

Oxide di ai bi xio2 ci x10-~ 
SiO, 
Ti02 

A1203 

Fe203 
FeO 

MgO 
CaO 

19.12 15.71 0.183 
26.72 13.79 0.903 
37.66 22.61 1.051 
54.72 26.73 1.140 
18.85 6.66 1.159 
23.82 4.93 1.091 
23.87 11.21 0.006 
24.46 15.11 0.67 1 

23.18 20.54 -0.218 

-5.812 
-0.209 
-6.063 
-3.326 
0.477 
2.236 

-2.165 
-3.323 
-4.41 1 

liquid at the transition temperature, Tg. This 
“configurational entropy” is, in turn, related to AC, : 

T 

SWnf = dT , 
T 

In v = In vo + B / (  TSconf) . 

Thus an inverse correlation is expected between the 
slope of the viscosity (v) vs 1/T and AC,. To draw 
Fig. 3 we have taken In q at the reduced inverse tem- 
perature, Tg/T = 0.5, to effectively eliminate the con- 
stant term In vo. A good, if at this point only qualita- 
tive, inverse correlation exists with AC, for a wide 
variety of silicate and aluminosilicate liquids. 

Figure 3. Natural logarithm of viscosity at T,/T = 0.5 
for silicate and aluminosilicate liquids (including SiO,, 
NaAlSi,O,, C%.,AISi,O,, Na,AI,Si,O,, CaAI,Si208, 
Na2Si20s, K+,05, CaSi205, Na4S1,OF Ca2Si206, and 
CaMgSiz06) plotted against the change In C, at the glass 
transition temperature. [XBL 821 1-33361 

HEAT CAPACITIES AND TRANSITIONS 
IN SILICATE GLASSES 

Glasses have long been considered as low-temperature 
analogs of liquids. As we learn more about the proper- 
ties of the liquids themselves, we tend to concentrate on 
the differences between glasses and liquids. Glasses 
remain important reference states in several ways, how- 
ever. Operationally, we must know the heat capacity 
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and transition behavior of the glasses formed when 
liquids are quenched in order to combine drop 
calorimetry with solution calorimetry on the glasses to 
calculate heats of fusion and of mixing. For theoretical 
modeling, the glassy state can be taken to be structur- 
ally similar to that of the liquid, with rotational and 
translational degrees of freedom nearly eliminated. 

We are accumulating differential scanning 
calorimetric heat capacity measurements for glasses of a 
wide variety of compositions. We have fitted data to 35 
glasses with a linear equation in 9 compositional vari- 
ables, including all of the major elements of natural sil- 
icate liquids. The fit is surprisingly good, with a stan- 
dard error of less than 1% (experimental error is only 
slightly less). Such data permit a realistic assessment 
of “ideality” of mixing in heat capacity, since reconcil- 
iation of data sets from the literature, often with large 
systematic errors, is unnecessary. Coefficients are 
given in Table 1 for the linear fit equation (a = 1.0%): 

The differential scanning calorimeter has also been 
used to study the behavior of muticomponent silicate 
glasses in the transition region. The glass transition 
occurs during the cooling of a glass-forming liquid 
when the rate of structural relaxation becomes slower 
than the rate of cooling. Hence glass is a nonequili- 
brium material at temperatures below the glass transi- 
tion, and its properties are dependent on its thermal 
history. 

A series of cooling rate experiments were made on 
seven glasses containing from 34 to 70 wt% SiO,. The 
samples were cooled at rates ranging from 320 K/min 
to 1.25 K/min through the transition. C, data were 
then collected as the samples were heated back up 
through the glass transition temperature. In general, 
the transition peak is observed to be larger at slower 
cooling rates. Since the glass transition is a function of 
cooling rate, one would expect a lower glass transition 
temperature when a glass is cooled at a slower rate. 
This is observable for several glass compositions, 
including glass 15 shown in Fig. 4. (Glass 15 contains 
62 wt% SiO,, 27.4 wt% Fe203, and 10.6 wt% Na,O.) 
The temperature of the onset of the glass transition and 
the temperature of the peak are both increased by 
increasing prior cooling rate. 

The glass transition temperature of a particular sili- 
cate glass cannot be predicted at this point, but we have 
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Figure 4. Heat capacity, in ml/g vs T during heating of a 
glass through its transition to the liquid. Heating rates are 
all the same, but samples were cooled from the supercooled 
liquid region at the rates shown before collection of 
data. [XBL 834-1492] 

observed that the substitution of Fe,O, for AI 0 in 
2 . 3  glasses that are otherwise identical in composition 

lowers the transition temperature. Similarly, the substi- 
tution of Na for K lowers the transition temperature. 
In natural compositions, a peralkaline rhyolite has a 
lower transition temperature than a meta-aluminous 
rhyolite. Although the transition temperatures range 
from 735 K to 995 K, there is no strong correlation 
between composition and (Cdiquid - C p )  apparent in 
these data. 

FERRIC/ FERROUS EQUILIBRIUM IN 
SILICATE LIQUIDS 

The total iron content of a natural igneous rock or of 
an experimentally produced sample is relatively easy to 
determine by standard analytical techniques. The ratio 
of the two valence states of dissolved iron (expressed as 
the ratio of mole fractions X F ~ ~ ~ ~ / X F ~ O )  in the original 
silicate liquid is, however, a function of temperature, 
pressure, oxygen fugacity, and bulk composition, and 
may not be determinable from an analysis of a partially 
or completely crystallized end product. The ratio can 
also change during the period between formation and 
final cooling of a melt. Since the composition and even 
the types of minerals formed from a melt depend on the 
ferric-ferrous ratio, an ability to predict this quantity is 
important to our understanding of igneous processes. 



Sack et al. (1980) published an empirical fit to data 
on a wide variety of natural silicate liquids, most of 
which were equilibrated at low oxygen pressures, with: 

Dr. Attila Kilinc, on leave from the University of 
Cincinnati, carried out a similar set of experiments at 
Lawrence Berkeley Laboratory on the same samples, 
equilibrated in air at temperatures from 1200 to 
1450°C. Liquids were run on small platinum wire loop 
for 24 h in air. The samples were quenched to glasses 
and were then analyzed by electron microprobe and wet 
chemical techniques to give Fe203 and FeO. Iron loss 
to the platinum, and alkali volatilization, were negligi- 
ble, but phosphorus was almost entirely lost in the 
highly oxidizing atmosphere. 

Data from 46 experiments were combined with those 
of Sack et al. in a stepwise linear regression that 
yielded the statistically significant coefficients given in 
Table 2. If temperature is taken as an unknown and 

Table 2. Regression coefficients with one standard 
deviation error for Eq. (1) with temperature 
in K. The number of digits is not 
significant and is included to avoid round-off 
errors. 

~~ 

Coefficient Value Standard error 

A ( A  In fo,> 0.21 8473 0.004413 
B ( B I T )  12665.9 893.5 
C (constant) -7.54427 0.5477 13 

-2.23205 1.02750 
1.55289 1.02750 

0.53196 
NazO 8.41598 1.41 102 

9.58647 1.44851 

D%03 

DFCoB 

DKzo 

DCaO 2.95525 

aTotal iron expressed as FeO. 
Note: The standard errors, expressed as a percentage of 
the coefficients, are all greatly reduced in comparison 
to the results of Sack et al. (1980). 

calculated for all 189 input compositions, a mean devia- 
tion of 52°C results. If loglo fOz is calculated instead, 
the deviation is 0.5 log units. Both deviations are out- 
side of experimental error, indicating that the small 
errors in chemical analyses dominate. 

THE ULTRASONIC VELOCITY AND 
AlTENUATION OF SILICATE LIQUIDS 

We have measured the ultrasonic velocity and 
attenuation of a wide variety of silicate liquids. Such 
measurements can be used to obtain adiabatic compres- 
sibilities for P-V-T calculations and to provide informa- 
tion on the relaxation times and volume viscosities of 
these materials. 

The experimental technique we are using is a 
modification of the ultrasonic interferometer of 
Katahara et al. (1981). The improvements include use 
of a single buffer rod with a crucible reflector plate and 
the use of a reference rod to correct for amplitude drift 
(Figs. 5 and 6). 

We have concentrated on the system CaA12Si208- 
NaAlSi306-CaMgSi206 ( An-Ab-Di) because of the 
large number of related thermodynamic properties that 
have been measured on liquids in this system, both in 
our laboratory and others (heats of fusion, heats of mix- 
ing, and liquid and glass heat capacities) (Fig. 7). On 
the An-Di binary, where viscosities are relatively low, 
the ultrasonic velocity is independent of frequency in 
the 3-12 MHz range, and velocity increases only 
slightly with increased temperature (Fig. 3). Attenua- 
tion, expressed as l/Q, increases linearly with fre- 

ELECTRONICS BLOCK DIAGRAM 

Figure 5. Electronics block d iagram for ultrasonic 
interferometer. [XBL 821 1-33471 
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ULTRASONIC INTERFEROMETER 

BUFFER ROD 

REFLECTING SURFACE 

SCATTERING SURFACE 
CRUCIBLE 

t 

(ANGLES SH(YN ARE FOR ILLUSTRATION ONLY - 
ALL WAMS ACTUALLY HAVE NORUAL INCIDENCE) 

Figure 6. 
interferometer. 

Wave paths through sample in the ultrasonic 
The total received amplitude is the sum 

03 X U ~ .  [XBL 821 1-33481 
i =1 

quency and decreases strongly with increased T. This 
is the behavior expected for a viscoelastic material in 
which the relaxation time is much less than the ultra- 
sonic period at which the measurements are made. 

For compositions containing the Ab component, the 
viscosity is substantially higher, the relaxation times 
longer, and the above conditions are not fulfilled. The 
ultrasonic velocity is frequency dependent (dispersion), 
particularly at lower temperatures. the attenuation t y p  
ically deviates from linearity with frequency, increasing 
less at high frequency. 

The composition Kspar60J3m is an extreme example 
of this behavior. The dispersion (Fig. 8) is very large, 
with high-frequency velocities increasing from 2800 to 
over 4000 m/s at 135OOC. The attenuation at this tem- 
perature goes through a maximum at about 5 MHz 
(Fig. 9), decreasing dramatically at higher frequencies. 
These are the first experiments that we know of on sili- 
cate liquids where the ultrasonic period is shorter than 
the liquid relaxation time. This liquid is not capable of 
“following” the ultrasonic vibrations, and at this time 
scale (X200 X 

The fact that very few samples exhibit this behavior 
means that in most cases we are measuring “relaxed” 
moduli-i.e., the moduli for long-period phenomena. 
These are the parameters of interest for the calculation 
of adiabatic compressibilities. 

s) the liquid behaves as a “glass.” 

ULTRASONIC VELOCITY m/s 

Kspar 160461 Diopside 140%1 

I I I I 1 I 1 

Figure 7. 
ternary. [XBL 821 1-33411 

Ultrasonic velocities in m/s for the Ab-An-% 

Frequency lMHzl 

Figure 8. 
of frequency and temperature. 

Ultrasonic velocity in Kspar60Di0 as a function 
[XBL 821 1-33391 
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Kspar 160%1 Diopside 140%1 
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Figure 9. 
tion of frequency and temperature. 

Ultrasonic attenuation in KsparmDi, as a func- 
[XBL 821 1-33401 

PHASE EQUILIBRIUM EXPERIMENTS 
Phase equilibrium experiments on basaltic andesites 

(SO,, 52.1-54.8%; MgO, 9.3-4.6%) from the AD. 
1759-1774 eruption of Jorullo, Michoacan, Mexico, 
have been made at 1 bar and Ni-NiO oxygen fugacities 
over a range 1140-1300°C. The experiments were 
designed to show whether the lavas could be related to 
each other by fractionation of solid phases stable at 
1 bar. 

The experiments were carried out in a furnace wound 
with Pt/Rh wire. The accuracy of temperature control 
was k2"C. Oxygen fugacity in the furnace was con- 
trolled by proportionally mixing CO and CO, gas, and 
the CO/CO, ratio was adjusted with a gas mixer with 
accuracy of 0.1 log unit. The duration of each run was 
varied from 24 h to 12 d, depending on the temperature 
at which the experiment was carried out. Criteria of 
equilibrium are homogeneity of both crystals and 
liquids, duplication of results between two runs under 
the same conditions, and consistency of a given run 
with those at nearby temperatures on variation 
diagrams. Presaturating and plating of the Pt loops 
with iron was employed to minimize iron loss from the 
liquid. The compositions of the phases in the liquids 
quenched from various temperatures were determined 
with an SEMQ electron microprobe. 

The experimental results at 1 bar may be summar- 
ized: 
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1. Chromite followed by olivine defines the liquidus 
(Z1272"C) of the earliest, most magnesian lava, 
whereas plagioclase, followed by olivine, is the liquidus 
phase (Z122O"C) of the most silicic lava. 

2. Ca-rich pyroxene has been found only in the 
lowest temperature experiments, but is present as a 
phenocryst or a microphenocryst in all lavas. Otherwise 
the composition of the olivines, spinels, and plagioclases 
encountered experimentally agree well with those occur- 
ring naturally. 

3. The natural liquid line of descent cannot be 
achieved with fractionation of solid phases stable at 
1 bar, given the order of crystallization observed experi- 
mentally. 

4. Older than this historic suite is a basanitic cinder 
cone (SiO,, 49.2; Na,O + $0, 7.4; P,O,, 1.4; all in 
wt%), with phenocrysts and microphenocrysts of olivine, 
plagioclase, clinopyroxene, and hornblende, which at 
1 bar crystallizes spinel, olivine, plagioclase, and clino- 
pyroxene with falling temperature. This liquid path of 
increasing normative nepheline is very different from 
that of younger basaltic andesites. 
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CORRELATION OF THE ROCKLAND ASH 
BED, A MID-PLEISTOCENE 

STRATIGRAPHIC MARKER IN NORTHERN 
AND CENTRAL CACIFORNIA AND 

WESTERN NEVADA 

H. R. Bowman, A.M. Sarna- Wojcicki, * C. E. Meyer, * 
N. T. Hall,t P. C. Russell, * 

M. J .  Woodward, * and J. L. Slate* 

Instrumental neutron activation, electron microprobe, 
and energy-dispersive x-ray fluorescence analyses of vol- 
canic glass, together with petrographic data, show that 
outcrops of an ash bed at several localities in northern 
and central California and western Nevada belong to a 
single, widespread, mid-Pleistocene air-fall ash layer, 
here informally named the Rockland ash bed. The 
Rockland pumice tuff breccia of Wilson (1961), a thick, 
coarse, compound tephra deposit situated southwest of 
Mt. Lassen in northeastern California, is the near- 
source equivalent of the Rockland ash bed. Two lobes 
of the Rockland tuff breccia, the Manton and Lassen 
Lodge members of Gilbert (1969), are chemically and 
petrographically indistinguishable from each other and 
from the ash at distal localities. The chemical and 
petrographic equivalence of proximal and distal depo- 
sits, here collectively named the Rockland tephra, 
together with the absence of similar tephra deposits at 
stratigraphic positions above or below the Rockland 
tephra, support the conclusion that these deposits con- 
stitute a single, coeval layer. 

Of the three chemical methods used to characterize 
the volcanic glass of the Rockland tephra, neutron 
activation (Table 1) was the most definitive; energy- 
dispersive x-ray fluorescence was nearly so, although 
the data were somewhat more scattered; and electron 
microprobe was the easiest and most rapid, but provided 
the least contrast between the Rockland tephra and its 

compositionally nearest relative, the Nomlaki Tuff 
Member of the Tehama and Tuscan Formations. Rela- 
tions between estimated initial thicknesses of the Rock- 
land tephra layer and distances to eruptive source, as 
compared to other tephra layers, suggest that the erup 
tion may have been as large as that of the Mazama ash 
from Crater Lake, Oregon, about 7000 years before 
present. 

Identification of the Rockland tephra in several 
separate depositional basins allows temporal correlation 
of associated mid-Pleistocene strata of diverse deposi- 
tional environments: marine, littoral, estuarine, and 
fluvial strata of the Hookton and type Merced Forma- 
tions are correlated with fluvial strata of the Santa 
Clara Formation and unnamed alluvium of Willits Val- 
ley and the Hollister area in northwestern and west- 
central California; these, in turn, are correlated with 
lacustrine beds of Mohawk Valley; fluvial deposits of 
the Red Bluff Formation of the eastern Sacramento Val- 
ley; and fluvial and glaciofluvial deposits of the west 
Walker River, Carson City, and Washoe Valley areas in 
northeastern California and western Nevada. Strati- 
graphic relations of the Rockland ash bed and associ- 
ated sediments in the type Merced Formation near San 
Francisco and in San Joaquin Valley suggest that 
drainage from the Great Valley to the ocean in the 
vicinity of San Francisco Bay was re-established some- 
time between 0.5 and 2 m.y. (probably around 0.6 
m. y.) before present. 
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compared to tephra units of different age Concentrations of iron in percent, ail other concentrations in parts per nullion 
Table 1 Neutron activation analvsis of volcanic elass of the Rockland ounuce tuR breccia of Wilson 1961) and Rockland ash bed 

no. Sc Mn Fe Zn Rb Cs Ba la Ce Nd Sm Eu Tb Dv Yb Lu Hf Ta Th U 

PROXIMAL TEPHRA 

Rockland pumice tuff breccia of Wilson ( 1961), Manton Member of Gilbert ( 1969). Air-fall ash and ash-flow tuff 

1 1.88 224 0.59 24 101 5.3 I020 21.6 37.8 I2 1.74 0.33 0.22 1.48 1.24 0.18 2.91 0.73 13.2 4.21 
2 1.84 225 0.61 26 102 5.2 IO00 21.8 38.4 I 1  1.68 0.32 0.22 1.48 1.20 0.17 2.97 0.73 13.2 4.18 
3 1.83 218 0.54 27 101 5.2 I010 21.8 38.0 12 1.67 0.32 0.22 NA 1.18 0.17 2.91 0.74 13.4 4.26 

Rockland pumice tuff breccia of Wilson (1961). Lassen Lodge Member of Gilbert (1969). Ash-flow tuff (4-6) 
4 1.88 238 0.66 25 102 5.1 980 21.7 37.6 IO 1.64 0.33 0.23 1.38 1.13 0.19 2.92 0.71 13.0 4.06 
5 1.93 229 0.66 25 102 5.4 990 21.9 39.5 I 1  1.68 0.34 0.22 1.41 1.28 0.21 3.09 0.78 13.3 4.18 
6 1.85 228 0.60 25 106 5.4 IO00 21.4 38.8 I I  1.66 0.32 0.21 1.37 1.17 0.15 2.75 0.73 13.3 4.22 

Undifferentiated Rockland ash bed. Reworked air-fall ash 

7 1.94 232 0.60 26 108 5.4 1020 22.1 38.3 I2 1.68 0.31 0.23 1.50 1.21 0.17 2.93 0.74 13.2 4.21 
8 1.88 222 0.62 23 105 5.2 980 21.8 38.6 12 1.67 0.32 0.24 1.35 1.17 0.16 2.88 0.73 13.2 4.24 

Average ( 2 )  and standard deviation (u ) ,  proximal tephra (1-8) 

1.88 227 0.61 25 103 5.3 IO00 21.8 38.4 I I  1.68 0.32 0.22 1.42 1.20 0.18 2.92 0.74 13.2 4.20 
u 0.04 6 0.05 I 3 0.1 16 0.2 0.6 I 0.03 0.01 0.01 0.06 0.05 0.02 0.09 0.02 0.1 0.06 

DISTAL TEPHRA 

IO 1.88 242 0.61 
13 1.86 218 0.60 
14 1.91 224 0.64 
I5 1.84 214 0.64 
17 1.78 214 0.60 
18 1.84 223 0.60 
19 1.83 221 0.63 
20 1.82 223 0.61 
24 1.80 216 0.62 
25 1.95 215 0.61 
26 1.80 217 0.64 

x 1.85 221 0.62 
u 0.05 8 0.02 

X 1.86 223 0.62 
u 0.05 8 0.03 

29 
30 
29 
16 
17 
26 
29 
28 
25 
25 
27 

26 
5 

25 
4 

2 

Rockland ash bed. Air-fall and reworked ash 

105 5.2 980 21.6 37.4 14 1.63 0.30 0.24 1.39 1.17 
98 5.3 950 21.3 37.6 12 1.64 0.31 0.22 1.41 1.19 

100 5.2 980 22.0 37.7 I 1  1.66 0.32 0.17 1.34 1.16 
103 5.1 1020 19.6 37.3 13 1.57 0.31 0.21 1.35 1.14 
103 5.3 950 20.6 37.2 I2 1.57 0.31 0.22 1.36 1.14 
98 5.2 I010 20.7 37.2 10 1.65 0.31 0.21 1.28 1.16 
99 5.2 990 21.2 37.4 1 1  1.64 0.30 0.19 1.35 1.18 

102 5.2 990 22.5 36.7 8 1.65 0.31 0.23 1.35 1.17 
103 5.4 I020 21.1 36.1 I I  1.61 0.29 0.19 1.24 1.12 
100 5.6 980 20.5 37.5 I I  1.67 0.31 0.21 1.23 1.18 
97 5.4 980 21.1 37.2 I2 1.63 0.31 0.22 1.30 1.14 

Average (X) and standard deviation (u), distal tephra (10-26) 

101 5.3 990 21.1 37.2 I 1  1.63 0.31 0.21 1.33 1.16 
3 0.1 21 0.8 0.6 2 0.03 0.01 0.02 0.06 0.02 

Average (F) and standard deviation (6). proximal and distal tephra ( 1-26) 

102 5.3 990 21.4 37.7 I I  1.65 0.31 0.22 1.37 1.18 
3 0.1 21 0.7 0.8 1 0.04 0.01 0.02 0.08 0.04 

Average analytical error (1-26) 

0.18 2.85 0.73 
0.18 2.70 0.72 
0. 19 2.78 0.73 
0. I 7  2.68 0.72 
0.17 2.79 0.73 
0.18 2.78 0.73 
0.21 2.87 0.74 
0.19 2.64 0.70 
0.18 2.65 0.70 
0.17 2.64 0.72 
0.20 2.75 0.73 

0.18 2.74 0.72 
0.01 0.08 0.01 

0.18 2.82 0.73 
0.02 0.13 0.02 

12.7 4.23 
13.3 4.24 
13.3 4.18 
12.9 3.96 
13.2 4.04 
12.7 4.16 
13.2 4.18 
12.7 4.12 
12.9 4.18 
12.8 4.10 
13.1 4.17 

13.0 4.14 
0.03 0.08 

13.1 4.16 
0.2 0.07 

0.1 0.04 0.02 2 0.01 3 0.1 21 0.5 0.5 1 0.01 0.01 0.02 0.10 0.02 0.01 0.06 0.01 

COMPARATIVE COMPOSITIONS 

Dibekulewe ash 

2.51 262 0.68 52 134 6.3 685 35.7 66.6 24 4.45 0.39 0.67 4.42 2.79 0.38 3.74 1.68 13.8 4.42 
Lava Creek-B ash bed (previously referred to as the Pearlette type 0 ash bed) 

1.32 264 1.06 94 222 4.2 48 79.6 158.6 65 12.30 0.37 2.12 14.27 8.35 1.10 8.50 4.29 29.9 6.53 

Bishop ash bed 
3.06 265 0.54 30 187 6.0 20 19.4 47.1 20 3.74 0.04 0.56 4.10 2.70 0.37 3.74 2.15 21.0 6.69 

Ash bed in the Rio Dell Formation 
3.67 571 1.65 48 36 0.8 570 19.8 41.4 18 3.30 0.90 0.43 2.34 1.99 0.30 5.37 0.61 4.2 1.36 

Nomlaki Tuff Member of the Tehama Formation 
3.69 324 0.79 36 97 5.4 1150 21.4 40.1 I5 2.39 0.44 0.30 2.25 1.91 0.28 4.06 0.53 11.3 3.93 
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THERMODYNAMICS OF HIGH- 
TEMPERATURE BRINES 

K.S. Pitzer, J.C. Peiper, R. Phutela, 
and J.M. Simonson 

Current interest in a variety of geochemical 
phenomena including geothermal and geopressurized 
brines has focused attention on the importance of a 
model of aqueous solution properties at high tempera- 
tures and pressures. The number of different brines 
encountered is large, so that making detailed measure- 
ments on each of them is impractical. A model that 
can predict the properties of complex brines, yet is 
based on a minimum amount of experimental data on a 
few key systems, is desirable. Consequently, a program 
was initiated in 1975 to study the solution thermo- 
dynamics of brine systems, including both modeling 
and experimental work. 

The usefulness of a model for aqueous solutions is 
not limited to geothermal or other natural brines. 
Research and engineering design in the fields of desali- 
nation, industrial waste treatment, hydrometallurgy, 
materials corrosion, solution mining, and hydrothermal 
ore deposition all depend on a knowledge of brine 
chemistry. 

Initial modeling work (Pitzer, 1973, 1975; Pitzer and 
Mayorga, 1973; Pitzer and Kim, 1974) developed an 
equation that yields unambiguous values for mixtures of 
unlimited complexity but requires some knowledge of 
the properties of each of the pure electrolytes that make 
up the solution. Thus a major part of the effort to 
build a model for natural brines has been to obtain 
basic thermodynamic data at high temperatures and 
pressures. Both a calorimeter and densimeter, designed 
to obtain data at high temperatures and at pressures 
along and above the liquid-vapor saturation curve, have 
been constructed. We are also measuring the vapor 
pressure of water above solutions of salt at high concen- 
trations, extending to the fused salt in some cases. 

The density measurements of aqueous solutions of 
MgS04 and Na2S04 were made in the past year, and 
measurements are under way for MgCl,. With existing 
knowledge for NaCl (Rogers and Pitzer, 1982), this 
will complete the data base for the volumetric proper- 
ties at high temperature for the system Na', Mg2+, 
C1-, SO:-, which dominates seawater and most natural 
waters. High-temperature heat capacity measurements 
are also approaching completion for this same system. 

METHODS FOR MODELING 
CALCULATIONS AT VERY HIGH 
TEMPERATURES 

Although our current experimental work and much of 
our present modeling activities are for the range of 
moderately high temperatures to about 300°C, we are 
exploring the possibilities of modeling calculations for 
much higher temperatures. During the past year calcu- 
lations were carried out for two aqueous systems to 
800°C (1073 K). Above the critical temperature of 
water, 374"C, dilute brines have continuous existence 
from gas-like low densities to liquid-like high densities. 
A salt such as NaCl is surprisingly soluble in high- 
pressure steam. 

Our new methods make use of molecular-level infor- 
mation concerning specific ion hydrates, such as 
NaH,O+, Na(H,O),+, Na(H,O),+. The populations 
of these species in steam have been measured by mass 
spectrometry (Kebarle, 1977). With additional molecu- 
lar data and appropriate statistical theory, the proper- 
ties of Na', C1-, and the ion pair Na'Cl- in steam can 
be calculated. These calculations can be extended to 
steam of density as high as 0.2 g/cm at 800"C, and the 
results are consistent with directly measured ionization 
constants at slightly higher densities. At lower tempera- 
tures, one can interpolate between the direct measure- 
ments at high density and the calculation values for 
lower densities. 

The same methods are applicable to the self- 
dissociation of water into hydrated H+ and OH- ions. 
Figure 1 shows the self-ionization constant of water as a 
function of the steam density for 1073 and 873 K. The 
pairs of calculated points indicate the uncertainty of the 
calculation, which increases with steam density. The 
broken line marked M.F. shows the extrapolation to 
lower densities of the empirical equation of Marshall 
and Franck (1981), which represents the directly meas- 
ured data from their laboratories. 

Figure 2 shows the Gibbs energy of hydration for 
Na+ -t C1- in water (or steam) at 221 bar, the critical 
pressure, over a wide range of temperatures. Also 
shown is the average number of water molecules 
attached to the ions in the high-temperature range. The 
Born equation is often used to estimate the hydration 
energy, and a comparison is shown; it is qualitatively 
satisfactory but quantitatively quite inaccurate at the 
higher temperatures. Further details on these calcula- 
tions have been reported (Pitzer, 1982a,b). 
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Figure 1. The ionization product for water, K,, as a func- 
tion of density at very high temperature. Solid symbols show 
the experimental values of Quist (1970); open symbols show 
calculated values. The line marked M.F. is from Marshall 
and Franck (1981). [XBL 834-9209] 
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The success of these exploratory efforts suggests that 
it may be possible to develop reliable modeling methods 
for prediction of the thermodynamic properties of aque- 
ous systems in the range above 3OO0C, which is geologi- 
cally interesting for hydrothermal transport and ore for- 
mation. 
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Figure 2. The Gibbs energy of hydration of Na’ + C1- at 
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A DATA BASE FOR STABILITY 
CON!!XANTS AT H[GH TEMPERATURE 

S. L. Phillips and L. F. Silvester 

A computerized data base is established to provide 
critically evaluated thermodynamic data for application 
to nuclear waste disposal (Phillips, 1982). The data are 
organized according to (1) leaching studies and (2) 
migration. More emphasis is given to stability con- 
stants, solubility of oxides and hydroxides, and Nerns- 
tian potentials. However, this report is limited to 
hydrolysis and formation constants for selected waste 
species, such as uranium, and to the ionization of amor- 
phous silica. 

An important factor in the underground isolation of 
radioactive waste is the estimation of leaching by 
underground waters of species from a glass or ceramic 
solid containing the wastes and of the subsequent 
migration via natural waters. Predictions of nuclide 
leaching based partly on accelerated laboratory tests 
and partly on computer-assisted chemical calculations 
(Phillips and Silvester, 1982). 

Computer codes such as EQ6/EQ3, PROTOCOL, and 
SOLMNEQ are used to estimate the concentration of 
dissolved uranium or silica in groundwater. For exam- 
ple, uranium solubilities on the order of lo-'' M are 
predicted for a range of conditions representing a Cana- 
dian disposal site. Both Wolery (1980) and Paquette 
and Lemire (1981) have developed and utilized 
potential-pH diagrams for speciation and other studies 
of uranium in natural groundwaters. One result is the 
inclusion of U02+ as a soluble species; another is that 
U02(s) is probably the stable solid phase. 

Rogers, P.S.Z., and Pitzer, KS., 1982. Volumetric p r e  
perties of aqueous sodium chloride solutions. Jour- 
nal of Physical and Chemical Reference Data, 
V. 11, p. 15-81. 

STABILITY CONSTANTS TO 300°C 
Calculational methods are needed for estimating ther- 

mochemical data at high temperatures where data are 
scarce; the values at other temperatures, such as 25OC, 
are used where data are more plentiful. We have used a 
general equilibrium equation derived by Clarke and 
Glew (1966) for estimating stability constants up to 
300°C using enthalpy data published for 25OC. 

By definition 

0 AHTO R I n K = A S T - -  
T '  

T 

e 

From Clarke and Glew (1966) we assume that both 
AS," and AC' can be expanded in a Taylor's series with 
298.15 K as the reference temperature to obtain Eq. 
(4), in which = 298.15 K: 

B 
T R I n K = A  + - + C l n T  

+ DT 4- ET2 4- FT3 , ( 4) 

where 
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A = asp- co - -c2 + - lM3 c3]  I :  12 

Co - 6C1 + -C2 d2 2 - - z c 3 ]  , ( 5 )  

0 e2 - e3 d4 B = -AH0 + 6Co - -Cl + -C2 - -C3 , (6) 2 6 24 

d2 e3 c = co - ecl + p2 - -p3 , 

1 6 d2 
D = -c1- 2 -c2 2 + -c3 4 , 

1 F =-C3 , 
72 

and 

For a constant heat capacity over the temperature range 
considered, Eq. (4) becomes: 
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0 MBO R l n K = A S B - -  T 

Table 1 consists of coefficients for Eq. (4) for 
estimating thermochemical constants up to 300°C for 
the reactions shown. Enthalpy and entropy values of 
the reactions at 25°C are calculated from the fit to Eq. 
(4a). Coefficients D, E, and F are zero, except where 
noted. More information is available in Phillips and 
Silvester (1982). 
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Table 1. Coefficients for Eq. (4) to estimate apparent stability constants for reactions shown; 25 < T < 300OC. 
Effect of ionic strength neglected. 

Reaction A B C D 

Si(OH), + OH- = SiO(OH),- + H,O 

H4Si04 = H2SiOt- + 2H' 

+ F = 

Cm3' + F = CmF2' 

Th4+ + HF = ThF3' + H+ 

Np4' + HF = NpF3' + H+ 

U4' + HF = UF3+ + H' 

u4+ + H,O = UOH~+ + H+ 
U4' + 2H,O = U(0H);' + H+ 

U4+ + 3H,O = U(OH),+ + 3H+ 

U4' i- 4H,O = U(OH),(aq) -I- 4H' 

U4+ + 5H20 = U(OH)< + 5H' 
Fe3+ + H,O = FeOH2+ + H' 

Fe2' + H,O = FeOH' + H' 
Ni2' + H,O = NiOH' + H' 

Ni2' + 2H,O = Ni(OH),(aq) + 2H' 

Co2' + H,O = CoOH' + H+ 

UO:' + H,O = U0,OH' + H' 

2UO;' + 2H,O = 

3UO;' + 5H,O = 

UO;' + 2H,O = 

( UO,) ,( OH) 22' + 2H' 

(U02)3(OH),' + 5H' 

UO,(OH),(aq) + 2H' 

uo;+ + co32- = 

uo;+ + 2c032- = 

u02(~03> 22- 

UO,CO3( as) 

UO;' + 3C03,- = 

u02(c03) 34- 

-18.4014 

39.478 

4.643 

4.676 

2.604 

2.743 

2.646 

7.5966 

9.8504 

12.9360 

10.3362 

5.0460 

12.2578 

9.4238 

-1.1860 

0.04300 

0.93756 

2.1049 

58.9659 

138.6846 

-1.3669 

16.2083 

20.8569 

28.2075 

2346.69 

-12355.1 

-640.9 

-617.4 

571.4 

557.5 

569.5 

-2449.62 

-3705.12 

-5566.64 

-61 12.23 

-5863.45 

-21 4 1.43 

-3286.69 

-2566.30 

-5665.87 

-3 178.07 

-2347.85 

-4644.37 

-1 151 1.34 

-3 194.5 1 

-1889.14 

-1125.79 

-232 1.27 

2.57979 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-1.2747 

-3.1206 

0 

0 

0 

0 

-19.79 

-46.75 

0 

0 

0 

0 

0 

-0.065927 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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ADVANCES IN REMOTE 
FLUORIMETRY 

FIBER 

S.M. Klainer and T. Hirschfeld* 

This year's research focused on evaluating the appli- 
cation of fiber optic technology to chemical and physi- 
cal measurements. In particular, the emphasis was 
placed on continued development of the optrode 
(species specific optical fiber) and determining the 
scope of measurements that can be made using this 
technique. 

Although the present research concentrates on remote 
fiber fluorimetry (RFF), it should be noted that ana- 
lyses based on absorption, refractometry, scattering, 
and reflection can be done remotely using optical fibers. 
The common denominator for all these methods, includ- 
ing fluorimetry, is that they utilize light interaction 
phenomena. Remote analysis is accomplished by using 
the optical fiber both to transmit light to the sample to 
be analyzed and to return the resultant information, in 
the form of a light signal, to the data processing equip 
ment. Thus optical measurements can be made over 
relatively long distances (-1 km) even when there is 
no line of sight. 

RFF is probably the most versatile of the remote 
light interaction techniques. It can be adapted to many 
chemical and physical measurements, simple chemistry 
can make the method highly specific to a particular 
species, and high sensitivity (10 to 0.01 parts per mil- 
lion, ppm) is attainable. The technological basis for 
RFF is laser-induced fluorescence. The success of the 
method depends on the use of quantum counters, optical 
cables, optrodes, and spectrometers of high optical qual- 
ity, such as used in Raman spectroscopy. Lawrence 
Livermore National Laboratory has the requisite high- 
sensitivity Raman spectrometer, and all experiments 
were done on that instrument. 

The optrode itself includes both the physical 
configuration and the chemical system. Optrodes of 
various configurations were evaluated, including the 
ball, capillary, coated, and cell optrodes. In most cases 
the ball optrode was used in combination with the oth- 
ers to provide an increased field of view and better opti- 
cal collection efficiency. 

*Lawrence Livermore National Laboratory, Universrty of Calrfornra, Llver- 
more, California 94550 

The chemical system must be considered in two parts. 
First, chemical reactions must be chosen that 
specifically measure the species of interest. Second, 
these reactions must be simple enough to be performed 
reliably at the end of a fiber with reasonable reaction 
times and with acceptable lifetimes. The simplest 
approach is to use chemically selective coatings. Such 
reactive coatings have been used for extraction, ion 
exchange, immobilization of tagged antigens, and as 
quenchable and energy-transfer fluorescent indicators. 

Several types of analytical problems have been exam- 
ined in an effort to determine the types of applications 
in which the optrode can be most useful. Research has 
been undertaken in the measurement of C1-, organic 
chloride, SO4*-, aldehydes, alcohols, organic phos- 
phorous compounds, uranium, iron, and total salt con- 
tent. Plans are underway to expand this coverage con- 
siderably. 

The C1- optrode is presented here as an example of 
how such a system works. This optrode is designed 
around the reaction of C1- with silver fluoresceinate to 
yield a fluorescence signal. Silver binds fluorescein so 
that it does not fluoresce. When C1- is present, how- 
ever, silver chloride precipitates and releases fluores- 
cein, which is strongly fluorescent. The fluorescence 
intensity is a direct measure of how much silver has 
reacted with the C1-, and this in turn is proportional to 
the C1- concentration. This optrode has been perfected 
in the higher concentration ranges ( to M Cl-) 
using an optrode on which the silver fluoresceinate is 
immobilized on collodion. A calibration curve for the 
C1- optrode is shown in Fig. 1. Of particular interest is 
the lo5 cps (counts per second) count rate at M 
C1-. One might be tempted to project sensitivities to 
the sub 10" M range on the basis of a simple extrapo- 
lation. Practical considerations, however, make this 
impossible. At low concentrations the types of silver 
fluoresceinate coatings become an important factor. In 
addition, the effect of low concentration on chemical 
equilibrium, solubilities, reaction rates, and reaction 
efficiencies must be taken into account. Recent experi- 
ments, in which the collodion was replaced with a poly- 
mer whose interstices properly immobilized the silver 
fluoresceinate, indicate that concentrations below 
to 10" M Cl- are measurable. Lower detection limits 
have not been established. 

The possibility of performing physical measurements 
was also investigated. Optrodes have been researched 
that measure temperature, pressure, pH, and liquid 
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Figure 1. Performance of C1- optrode. [XBL 83414941 

level. Plans are underway to extend this to Eh and 
partial pressure. 

The temperature optrode is a very simple, fast, accu- 
rate method of remotely determining this parameter. A 
typical temperature optrode is made of ruby, and the 
fluorescence intensity of ruby as a function of tempera- 
ture is measured as shown in Fig. 2. The optrode used 
for these measurements is a quartz fiber with a tapered 
ruby tip. To obtain such an optrode, the end of a 
quartz fiber is exposed for several hours to Cr03 vapor 
and is converted to ruby. Many of these optrodes have 
been made with a high degree of reproducibility. As 
shown in Fig. 3 other temperature optrodes based on 
Nd- and Cr-doped glass are also practical. Select 
optrodes can be made with temperature accuracies of 
about 0.7"C. Response times of much less than a 
second are realistic. 

The chemical reactions that result in specific sensitive 
identifiers for a particular species are the key to the 
analytical part of the program. To date, chemistry has 
been developed for about 90% of the problems con- 
sidered. 

However, four problem areas have been observed with 
available optical fibers: ( 1) optical transmission 
through the fibers is essentially restricted to the visible 
region, with minor use of the blue and near infrared; 

I I  

694.6 694.3 

Wavelength (nm) 
Figure 2. Ruby fluorescence as a function of temperature. 
[XBL 834-1487] 

(2) power loss through the fibers as a function of dis- 
tance is considerable, and distances of about 1 km 
appear to be maximum; (3) fibers can handle only 
100-200 mW of input power, which restricts both sensi- 
tivity and range; and (4) the fibers contain impurities 
that generate interfering spectral backgrounds, and 

0 Cr-doped glass 

" 0  80 160 240 

Temperature ("C) 
Performance of Nd-doped glass and Cr-doped 

glass temperature optrodes. [XBL 834-1490] 
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these also limit sensitivity. For the most part, proper 
planning and trade-offs have circumvented the fiber 
optics limitations. 

The research done on remote analysis through optical 
fibers has not only indicated the potential of this 
method as a measurement tool, but also its practicality. 
Optical measurements can be made over reasonable dis- 
tances where no line of sight is available. Chemical 
parameters of groundwater, chemical and nuclear waste 
repositories, and geothermal wells can be measured in 

NICKELCATALYZED AIR OXIDATION OF 
HYDROGEN SULFIDE IN THE PRESENCE 

OF SULFITE 

0. Weres and L. Tsao 

In a geothermal power plant, part of the hydrogen 
sulfide present in the steam supply dissolves in the cool- 
ing water. Unless this H,S is removed from the cooling 
water by chemical reaction, it will be emitted to the 
atmosphere through the cooling tower. At The Geysers, 
the mole ratio of ammonia to H,S in the steam is typi- 
cally about 1:l. Ammonia increases the solubility of 
H,S by reacting with it as a base, and this increases the 
amount of H,S emitted from the cooling towers. This 
is particularly true of Geysers Units 1 to 12, which are 
equipped with contact condensers. 

At present, the H,S is destroyed chemically by 
adding hydrogen peroxide to the cooling water, but this 
is expensive. Ideally, one would like to use an inexpen- 
sive catalyst, dissolved in the cooling water, that would 
induce a reaction between the H,S and oxygen from the 
atmosphere. For several years ferrous sulfate was 
added to the cooling water of Units 11 and 12 for this 
purpose. Colloidal sulfur was the major reaction pro- 
duct, and the iron was precipitated as ferric hydroxide. 
Voluminous sludge, hard to dewater and dispose of, was 
produced, and the iron in the cooling water caused 
severe corrosion problems. 

Nickel is a well-known, potent catalyst for the oxida- 
tion of H,S, but also causes colloidal sulfur to be pro- 
duced. This sulfur forms a solid, hard-twemove scale. 
The key to successfully using nickel is to suppress the 
formation of colloidal sulfur. Herein is described an 

situ. In facilities where nuclear materials, explosives, 
and corrosive chemicals are manufactured or used, 
remote measurements can be made without danger to 
either personnel or equipment. Chemical production 
procedures, formulation vats, and cleaning processes 
can be monitored and remotely controlled. Further- 
more, routine measurements can be multiplexed and 
automated to achieve large economic savings both in 
equipment and personnel requirements. 

extended experimental study of the nickel-catalyzed 
oxidation of H,S. 

This work is described in detail by Weres and Tsao 
(1983a,b). Related work on the design, computer 
modeling, and evaluation of condensers for geothermal 
power plants is described by Weres (1983a,b,c). 

EXPERIMENTAL METHODS 
One liter of “synthetic cooling water” (SCW) was 

formulated to resemble the cooling water of the power 
plants at The Geysers, and pH was typically about 7.8. 
Air was constantly bubbled through the SCW, which 
was kept at 45°C. A peristaltic pump steadily added 
solutions of sodium sulfide and sulfuric acid, and this 
amounted to adding H,S at 16 pmol/min. A solution 
of sodium sulfite also was added, beginning at 20 min 
after the start of the reaction. 

Periodically, aliquots were removed from the SCW to 
determine “reactivity” and the concentration of various 
reaction products. Reactivity is a measure of the 
solution’s ability to destroy added H,S. A small 
amount of sodium sulfide solution was added to an ali- 
quot of SCW. The fraction of the initial sulfide 
remaining after 15 s reaction time is a measure of the 
reactivity of the solution. 

The oxidation reaction is autocatalytic; i.e., a product 
of the reaction participates as a cocatalyst along with 
the nickel. This cocatalyst probably is a mixture of 
different sulfur chain molecules (e.g., polysulfide ions) 
and the corresponding radical ions. 

RESULTS 
Figure 1 represents a typical experiment. At the 

beginning, the fraction of H,S remaining after 15 s is 
high, indicative of poor reactivity. Reactivity improves 
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figure 1. Development of turbidity and reactivity; 
Na2S0,/H2S = 0.75. [XBL 825-6491 

IOOpM NI, 45OC 

rapidly as the cocatalyst accumulates, reaching steady 
state after about an hour. During the first 20 min, tur- 
bidity increases rapidly, indicating accumulation of col- 
loidal sulfur. After addition of sodium sulfite begins, 
the turbidity decreases, quickly reaching a low steady- 
state value. The sulfite ion reacts with colloidal sulfur, 
converting it to innocuous thiosulfate. The initial pres- 
ence of sodium thiosulfate has a secondary effect. 
Clearly, a sulfite/sulfide ratio of 0.75 is enough to 
suppress the accumulation of colloidal sulfur. 

Typical kinetic data are presented in Fig. 2. The 
rate of oxidation is independent of oxygen concentra- 
tion and pH. The kinetic data are fitted well by this 
empirical rate expression: 

d(H2S) - k 2( H2S)' ( Ni)0.5 - _ _  
dt k2 

k l  

Y 

1 + - (H2S) 

S g ' / y S  = 0.75 
0,. No &O; added 

0,. 5mM Nq&O:, added 
- 

0 -  0- - .-00 0 - 

where t is in seconds and (HZS), (Ni) are concentra- 
tions in moles per liter. At 35OC (308 K), 

100 - 
- 3  

I- 
- 2  

- P  e 
-50 

- 
- %  = 

0 

k l  = 25 ( m ~ l / L ) ~ . ~ / s  , 

k 2  = 3 X lo6 (m~l/L)- ' .~/s . 

The energy of activation is 2.4 kcal/mol. The solid 
lines in Fig. 2 were calculated using this expression. 

The distribution of reaction products as a function of 
time is shown in Fig. 3. Practically no colloidal sulfur 
is formed under these conditions. 

RESIDUAL VS. INITIAL HzS 
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Figure 1. Fraction of H2S remaining after 15 s; 35°C and 
various concentrations of nickel. Vertical scale displaced 
between curves. Different symbols represent data from 
different experiments. [XBL 825-6611 
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Figure 3. 
Na2S0,/H2S = 0.75, pH = 7.8. [XBL 826-7331 

Distribution of reaction products; 100 pM nickel, 
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PRACTICAL APPLICATION 
This work has demonstrated that production of col- 

loidal sulfur can readily be suppressed by adding sulfite 
ion to the cooling water. In the field, sulfur dioxide 
would be produced by oxidizing the H2S in the con- 
denser vent gas, and the pH of the cooling water would 
be controlled by adding either sodium hydroxide or 
sodium carbonate as needed. 

In an actual power plant, approximately 90 s will be 
available for reaction rather than the 15 s assumed 
here. This means that 10 pM nickel (0.6 ppm) should 
suffice to give 99% overall H2S emission abatement. 
Therefore, the cost of nickel will be less than 
$l/h/power plant. 

A very similar process already has successfully been 
tested at Geysers Unit 1, which is equipped with means 
to convert H2S in the vent gas to SO2 and transfer it to 
the cooling water (the so-called burner-scrubber or Hal- 
linger incinerator). In this field test work, iron com- 
plexed with N-hydroxyEDTA served as the catalyst. 
This catalyst is similar to nickel in its effect and prob- 
ably also in its reaction mechanism, but is less potent 
and therefore more expensive to use. These tests have 
demonstrated that 98 +% abatement may readily be 
achieved without formation of colloidal sulfur. 

Other work by us (Weres and Tsao, 1983a) showed 
that iron citrate is as good a catalyst as iron N- 
hydroxyEDTA and is substantially cheaper. 

This process, using nickel, iron citrate, or iron N- 
hydroxyEDTA as the catalyst, will likely become the 
method of choice for abating H2S emissions from con- 
tact condenser equipped power plants at The Geysers. 

GEOCHEMICAL INVESTIGATION OF DEEP 
THERMAL FLUID6 AT THE BACA 

GEOTHERMAL FIELD, VALLES CALDERA 

J.M. Delany, A.F. White, and A. Yee 

The Valles Caldera, New Mexico, is being considered 
by the NRC/NAS Continental Scientific Drilling Pre 
gram (CSDP) as a possible target site for a deep hole to 
be drilled to study heat and mass transfer within a 
magma/hydrothermal system. This program is sup 
ported by the Department of Energy, M i c e  of Basic 
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Energy Sciences, and is part of the CSDP site- 
evaluation program for the Valles Caldera. The Baca 
geothermal field is located within the caldera on the 
Baca Location No. 1 lease held by the Union Oil Com- 
pany (UOC). The majority of the deep geothermal 
wells drilled by UOC (to maximum depths of 10,000 ft) 
are located on the resurgent dome in Redondo Creek. 
The decision by UOC to put several of the Redondo 
Creek wells on production flow test during the summer 
of 1892 provided an opportunity for the scientific com- 
munity to acquire new geochemical data on the deep 
thermal fluids. Since the Baca field is already a known 
geothermal resource, the use of existing deep holes 
drilled by industry has provided the most efficient 
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means of investigating the nature of the hydrothermal 
system for the deep thermal fluids. 

SCOPE OF WORK 
A cooperative geochemical sampling program has 

involved LBL, UOC, USGS, LANL, and U.C. Berkeley. 
LBL has been responsible for coordination of the pro- 
ject, analysis of major and trace components in the 
fluid samples, and interpretation of the data in terms of 
CSDP objectives. UOC has been performing wellhead 
sampling. New data have been obtained for wells Baca 
4, 13, 15, 20, and 24. AH.  Truesdell of the USGS has 
assisted in the sampling and is analyzing the samples 
for major dissolved gases and isotopic concentrations. 
Fraser Goff at LANL has supplied all collection equip 
ment and is sampling coordinator. John Reynolds at 
U.C. Berkeley is analyzing the samples for isotopes of 
the noble gases He, Ar, Xe, and Ne. In addition to 
sampling of fluids at the wellhead, drill cuttings from 
the same wells are being analyzed in order to assess the 
nature and extent of the water/rock interaction in the 
hydrothermal system. Petrographic analysis of drill 
cuttings from Baca 22 are being investigated as an M.S. 
thesis topic under the joint direction of LBL and Pro- 
fessor R. Hay of U.C. Berkeley. 

The major objectives of the program are to add geo- 
chemical support for the CSDP site evaluation process 
by (1) generating a complete body of data by which the 
hydrothermal chemistry of the Baca reservoir can be 
defined, (2) determining to what extent, if any, geo- 
chemical components are introduced into the reservoir 
from a deeper magma/hydrothermal source, and (3) 
interpreting the geochemical environment to be encoun- 
tered at depth during drilling. This report includes 
only preliminary data, partial chemical analyses, and 
isotope data for three of the wells: Baca 4, 13, and 24. 

DISCUSSION 
Figure 1 shows the location of thermal areas in the 

vicinity of the caldera. Fenton Hill, the LANL Hot 
Dry Rock Experimental Facility, and two hot spring 
areas that discharge along the Jemez fault zone (Soda 
Dam and Jemez Springs) are discussed below. Boron 
and chloride concentrations from Fenton Hill, Soda 
Dam, Jemez Springs, and the recent flow tests at Baca 
are plotted in Fig. 2. The solid line connecting the hot 
spring localities trends in the direction of the Fenton 
Hill value, suggesting a common source for these fluids. 
The solid symbols represent the compositions of the 

Figure 1. 
dera, New Mexico. 

Map showing the Baca locations in the Valles Cal- 
[XBL 824-21 161 

geothermal fluids flashed to one atmosphere, and the 
path shown by the open circles represents continuous 
steam separation resulting from boiling within the 
reservoir at depth. The Baca data plot below the pro- 
posed mixing line shown for the hot springs, yet close 
to the Soda Dam values. Some of the deviation in the 
Baca values can be attributed to boric acid partitioning 
into the steam phase, which is - 4 5 %  at 260"C, 
increasing to -9% at 300°C (Ellis and Mahon, 1977). 
Such a correction would shift the reservoir fluid values 
toward the Soda Dam values, indicating that little if 
any dilution would be occurring between the hydrother- 
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Figure 2. Boron and chloride concentrations for hot spring 
and geothermal waters in the vicinity of Valles Caldera. 
[XBL 834-1486] 
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mal reservoir and Soda Dam fluids. Trainer (1975), 
Trainer and Lyford (1979), Golf et al. (1981), and Goff 
and Grigsby (1982) have suggested that waters from 
Soda Dam and Jemez Springs were derived in part from 
deep thermal fluids associated with the caldera. If the 
waters from Soda Dam are derivative thermal fluids 
from the Baca reservoir, then a process more compli- 
cated than conductive cooling is suggested. For exam- 
ple, if there is concentration by boiling and steam loss 
at depth, a shift in concentration would follow the path 
shown by the open circles in Fig. 2. This then could be 
followed by dilution with meteoric water, as shown by 
the linear mixing line connecting the hot spring locali- 
ties in Fig. 2. The values for Baca 24 are more concen- 
trated than those for the other wells, perhaps suggesting 
that a dilution trend exists within the reservoir or that 
concentration by boiling within the reservoir may be 
occurring. 

On a similar plot of bromide versus chloride, the 
Baca values show considerably more offset from a sim- 
ple mixing line connecting Jemez Springs, Soda Dam, 
and Fenton Hill. These data suggest that the relation- 
ship between the deep thermal fluids and the peripheral 
hot spring localities is more complex than can be 
explained by conductive cooling or simple mixing. 

Deuterium and oxygen-18 compositions are shown in 
Fig. 3. All values for meteoric waters in the vicinity of 
the caldera plot along the Craig line, yet the values for 
Soda Dam and Jemez Springs show considerable offset. 
The isotopic compositions shown for the Baca samples 
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Figure 3. Deuterium and oxygen-18 concentrations of hot 
spring and geothermal waters in the vicinity of Valles Cal- 
dera. [XBL 834-1495] 

are plotted as weighted averages of the steam and water 
fractions and should be representative of fluid composi- 
tions at depth. These values show considerable 
oxygen-1 8 enrichment, which is typical of most geother- 
mal systems, resulting from deeply circulating meteoric 
water and host rock exchange at elevated temperatures. 
The range in well data can best be explained by con- 
tinuous steam separation, which causes an increase in 
both deuterium and oxygen-1 8 concentrations. The 
values for Baca 24 and Fenton Hill can be derived from 
the values observed for Baca 4 and 13 using continuous 
steam separation calculations (Truesdell and Hulston, 
1980). The relationship between Soda Dam, Jemez 
Springs, and the Baca reservoir can then be attributed 
to concentration by boiling during ascent and continu- 
ous steam separation followed by dilution with meteoric 
water along the mixing trend shown in Fig. 3. 

SUMMARY 
All preliminary geochemical data suggest that a com- 

plex pathway between the Baca reservoir and surface 
hot springs exists in the Valles Caldera region. The 
comparison of geochemical data from Baca with that 
from Fenton Hill, Soda Dam, and Jemez Springs corro- 
borates the interpretation of common parentage among 
these thermal waters as first suggested by Trainer 
(1979, Trainer and Lyford (1979), Goff et al. (1981), 
and Goff and Grigsby (1982). However, new data from 
this study indicate that simple mixing does not ade- 
quately explain observed geochemical variations. A 
more likely explanation is the concentration by boiling 
and steam loss from reservoir fluids followed by dilution 
with meteoric water. An in-depth evaluation of the 
hydrothermal reservoir can be completed when addi- 
tional chemical and isotopic analyses are available. 
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DETECI’ION OF URANIUM IN AQUEOUS 

PHOTOELECTRON SPECTROGCOPY 
SAMF’LES USING X-RAY 

D.L. Perry 

Over the past few years, several advanced analytical 
techniques have been used by researchers for the detec- 
tion of uranium in natural geologic systems. The direct 
measurement of uranium in surface and groundwaters 
has been reported using atomic absorption spectroscopy 
(Alder and Das, 1978), atomic emission (Littlejohn and 
Ottaway, 1978), and fluorescence (Campen and Bach- 
mann, 1979). Enrichment or separation techniques 
such as ion exchange, precipitation, and extraction have 
also been combined with absorption spectroscopy 
(Reinhardt and Muller, 1978), neutron counting 
( Wenrich-Verbeek, 1977), and x-ray fluorescence to 
make these determinations. Ultratrace *levels of 
uranium in aqueous samples have been detected using a 
combined coprecipitation laser-induced fluorescence 
technique (Perry et al., 1981). Some studies have been 
directed at comparing multiple approaches on the same 
samples in order to check the degree of experimental 
agreement (Hart et al., 1980). 

Several methods for the qualitative analysis of 
uranium in aqueous samples involve a preconcentration 
of the uranium in an inert matrix followed by the use 
of some spectroscopic technique to detect it. One 
scheme developed here involves. the coprecipitation of 
uranium into barium fluoride, BaF,; the precipitate is 
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then studied using x-ray photoelectron spectroscopy 
(XPS). This technique is useful as a qualitative test for 
uranium in water samples in which the concentration 
level of uranium is fairly high, i.e., samples from areas 
that possibly have been exposed to uranium mill tailings 
or samples from nuclear waste repositories that have 
been subjected to intrusion by groundwater. 

The uranium samples are prepared in the following 
manner. All glassware is prewashed with dilute nitric 
acid followed by repeated rinsing with quartz-distilled 
water in order to remove any possible contaminant 
metal ions on the glass surfaces. One milliliter of a 
U02( N03)i6H,0 solution of appropriate concentration 
is added to a 25CLmL beaker with 5 mL of 1 M 
Ba(N0 ) and 14 mL of distilled, deionized water. 
Thirty mlliliters of a 0.3 M NH,F solution is then 
added dropwise with stirring using a magnetic stirring 
bar over a period of 55-60 s, giving a final solution 
volume of 50 mL. The concentration of uranium is 
expressed with respect to the final solution volume prior 
to precipitation. The above solutions are then covered 
with “Parafilm” and allowed to precipitate and settle 
for 1 day. The BaF, precipitates are centrifuged and 
dried in the centrifuge tubes at 105OC for 2 h. The 
precipitate is removed from the walls of the centrifuge 
tubes with a stainless steel spatula and crushed. The 
samples are fired in porcelain crucibles for 3 h, usually 
at 800OC (Lindberg Model 51333 box furnace accurate 
to +l0C),  allowed to cool to room temperature in the 
open air, and crushed again in a vibrating ball mill (a 
mortar and pestle were initially employed, but the 
vibrating ball mill produces a more homogeneous 
powdered sample and better reproducibility in the spec- 
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tra). The BaF, samples are then pressed into 2Wmg 
pellets 1 cm in diameter and 1 mm thick. 

X-ray photoelectron spectra are recorded on a 
McPherson Model 36 spectrometer using Mg Ka radia- 
tion (1253.6 eV). Samples are checked visually for 
decomposition after each set of spectra is collected, but 
none has been detected. The stability of the samples of 
radiation has been further corroborated by the time 
independence of the spectra. 

Figure 1 shows a spectrum of the uranium 4f712,512 
lines of uranium in BaF,, which was precipitated from 
an aqueous sample that was lo4 M in uranium. This 
method can detect uranium at or above this concentra- 
tion with no interference from other ions that can lead 
to quenching problems, such as those ,involved in 
fluorescence techniques. Trace metal ions found in 
groundwater, for example, will not interfere with the x- 
ray photoelectron emission from the uranium 4f level 
after the uranium has been coprecipitated into the BaF, 
matrix. The variation in the calcination temperature of 
the pellets also seemed to have no effect on the p h e  
toemission properties. 

The binding energies (calibrated against the adventi- 
tious carbon 1s photoelectron line, which was assigned a 
value of 284.6 eV) for the uranium 4f71,,5,2 lines are 
379.1 and 391.6 eV, respectively; the values for the 
barium 3d,l,,3 , levels are 779.4 and 793.7 eV, respec- 

reported for BaF, by Wagner (1977), whereas the bind- 
ing energy for uranium is somewhat low for uranium 

tively. The 6 arium values are identical to those 
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Figure 1. X-ray photoelectron spectrum of the uranium 
4f,,2>5,2 lines from a BaF2 sample coprecipitated with 
uranium. The initial aqueous solution was IO-" M 
UO2(NO3),*6H2O. [XBL 8 17-33591 

(VI) in comparison to those values reported by Perry 
(1981) and other workers (Allen et al., 1974; Miyake et 
al., 1975). 

This technique need not be restricted only to 
uranium, but probably can also be used to detect other 
radionuclides that can be coprecipitated from aqueous 
solutions. Thorium, for example, has been shown 
(Johnston and Wright, 1979) to coprecipitate with 
CaF,, as have plutonium and americium (Miller, 1982). 
Since BaF, also possesses a fluorite (CaF,) lattice 
structure and is thus isostructural, it would seem logical 
that ions that can be occluded in one of these matrices 
can also be introduced into the other. This has already 
been shown to be true for uranium (Perry et al., 1981). 
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SURFACE STUDY OF HF- AM) 
H F / ~ , S O - ' I R E A ~ D  FELDSPAR USING 

AUGERELECTRONSPECTROSCOPY 

D.L. Perry, L. Tsao. and K.A. Gaugler 

A considerable interest has been expressed recently 
in experimental studies simulating dissolution kinetics 
and mass transfer rates of silicate mineral weathering. 
One problem that has arisen in such experiments is the 
preparation and characterization of silicate surfaces that 
are representative of natural weathering processes. The 
work of Holdren and Berner (1979), Grandstaff (1980), 
and Holdren (1981) has shown that a distortion of the 
surface structure and the creation of fine particles dur- 
ing grinding and crushing of silicates have led to 
anomalous experimental results. Previous studies citing 
parabolic dissolution rates for crystalline silicates may 
have resulted from such sample preparation effects. 
One recent approach to solving this problem has been to 
leach the crushed silicate with hydrofluoric acid (HF) 
to remove both the distorted surface layer of particles 
and the adhering microparticulate matter on the surface 
(Holdren and Berner, 1979). Leaching with HF has 
also been used by Berner et al. (1980) to simulate 
natural dissolution features in pyroxenes and amphi- 
boles. 

In an ongoing study of the effects of weathering reae 
tions on silicate surface chemistry, a significant 
decrease has been noticed in the sorption capacity of 
minerals treated with HF relative to untreated samples. 
The question therefore arises as to the possible effects 
of HF treatment on silicate surfaces-in particular, 
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irreversible silicate-fluoride surface reactions that may 
influence experimental kinetic studies. This report 
describes a preliminary Auger surface study of the 
potential influence of the HF and HF/H2S04 reactions 
with new K-feldspar surface layers that result from this 
chemical interaction. The Auger technique has been 
coupled with argon ion etching in an attempt to deter- 
mine the depth of migration of the fluoride ion onto the 
mineral bulk. 

K-feldspar samples obtained commercially (Wards 
Natural History Establishment) gave the following bulk 
analysis (percent by weight): FeO, 0.010 +. 0.001; 
A1203, 21.2 f 0.2; CaO, 0.48 f 0.05; Na,O, 3.7 f 
0.2; I$O, 9.0 +. 0.2; MgO, 0.010 +. 0.001; SO,, 65.0 
+. 0.2; H,O 0.13 +- 0.01; total carbon 0.26 f 0.005; 
total sulfur, 0.003 +- 0.001; inorganic carbon, 0.005 +. 
0.005. X-ray diffraction and an optical examination of 
thin sections revealed small amounts of albite and 
quartz to be present, along with some muscovite. The 
samples were then chemically treated in the following 
two ways, both of which are similar to that of Holdren 
and Berner (1979). The first sample was reacted with 
an aqueous 10% HF solution for 20 min with mild stir- 
ring. It was removed from the reaction solution and 
washed several times with jets of distilled, deionized 
water. It was then dried in air overnight at approxi- 
mately 100°C. The second sample was prepared in the 
same manner except that the original reaction solution 
was a 50% mixture of aqueous 10% HF and 0.1 N 
H2S04. 

Auger spectra were recorded using a working vacuum 
chamber pressure of approximately torr on a Physi- 
cal Electronics Industries Model 590 scanning Auger - - 
microprobe. Samples were studied using a primary 
beam energy of 3 keV and a primary beam current of 



0.12 PA, these experimental parameters were found to 
minimize charging and specimen damage while yielding 
an acceptable signal-to-noise ratio. The peak-to-peak 
modulation in the lock-in amplifier was 6 eV 
throughout. 

The Auger spectra of K-feldspar (“as received”) are 
shown in Fig. 1 for samples treated with 10% HF and 
in Fig. 2 for samples treated with a 50% mixture of 10% 
HF/O.l N H,SO,. Figure la  is a survey Auger spec- 
trum (0-1000 eV) of the untreated, “as received,” 
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Figure 1. Auger spectra of HF-treated K-feldspar. (a) 
Untreated, “as received.” (b) Treated with 10% aqueous HF 
for 20 min, then washed with distilled, deionized water. (c) 

, HF-treated sample after 15 s argon ion-sputtering. (d) HF- 
treated sample after 30 s argon ion-sputtering. 
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Figure 2 Auger spectra of HF/H2S04-treated K-feldspar. 
(a) Untreated, “as received.” (b) Treated with a 50% aque- 
ous mixture of 10% HF and 0.1 N H2S04 for 20 min, then 
washed with distilled, deionized water. (c) HF/H2S04- 
treated sample after 15 s argon ion-sputtering. (d) 
HF/H,SO,-treated sample after 30 s argon ion- 
sputtering. [XBL 821-1638] 

feldspar sample. After treatment with hydrofluoric 
acid, however, several major changes appeared in the 
spectrum (Fig. lb). The surface concentration of potas- 
sium decreased dramatically (see Table l) ,  as shown by 
the O/K ratio. Sodium, which was not detectable on 
the original surface layer, became quite visible. (It 
should be remembered that this chemical treatment 
removes layers of the feldspar sample; thus what is 
being observed spectroscopically is the chemical state of 
the remaining surface.) Additionally, the fluoride ion 
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Table 1. Elemental Auger line intensity ratios for feldspar and acid-treated feldspar 
~~ 

Feldspar sample O/Si O/K O/Na Si/Na Si/F Al/F Si/Al 

I Untreated 6.4 3.5 a a a a 1.8 
I1 Treated with 10% HF 5.5 23.4 15.6 2.8 1.8 1.1 1.6 

ion-sputtered for 15 s 6.5 30.9 14.5 2.2 2.2 1.5 1.5 

ion-sputtered for 30 s 4.3 29.9 14.1 3.2 3.9 1.6 2.4 

111 Treated with 10% HF, 

IV Treated with 10% HF, 

V Treated with 10% 
HF/O. 1 N H2S04 5.4 14.3 a a 1.0 0.4 2.5 

VI Treated with 10% 
HFJO. 1 N H,S04, 
ion-sputtered for 15 s 4.7 14.0 a a 2.1 1.1 1.9 

VI1 Treated with 10% 
HF/O. 1 N H2S04, 
ion-sputtered for 30 s 5.2 7.9 a a 2.6 1.8 1.5 

aOne of the elements not detected. 

could also be detected on the new surface. Argon-ion- 
sputter etching, performed at the rate of 600 &in 
relative to Ta20,, was then used to depth profile the 
sample. After 15 s of sputtering (Fig. IC), the concen- 
tration of fluorine had diminished; after 30 s (Fig. Id), 
the fluorine concentration was even lower. The sodium 
content, on the initially HF-etched sample and on the 
subsequently argon-ion-sputtered surface, remained 
fairly constant. 

Similar results were also observed for the sample sub- 
jected to the HF/H2S04 (Fig. 2). The major difference 
was the lack of sodium observed on the subsequent 
spectra of the acid-etched surface, presumably due to 
exchange in the much stronger acid solution. The 
fluoride was very evident on this treated surface, too, 
but the concentration of the fluoride ion, which was ini- 
tially much greater on the surface of this sample than 
the feldspar sample treated with 10% HF alone, dimin- 
ished as the ion-sputtering proceeded into the mineral 
bulk. In addition to the fluoride ion, sulfur could also 
be detected (Fig. 2b). The sulfur, however, had not 
migrated into the bulk of the feldspar to as great an 
extent as the fluorine and was completely removed with 
only light ion-sputtering (Fig. 2c); after 30 s of sputter- 
ing, there was no remaining trace of the initially 
observed sulfur (Fig. 2d). The Al/F intensity ratio for 

the surface of this sample was also markedly lower than 
it was for the surface of feldspar treated with HF alone; 
the Si/F ratio was somewhat similar in going from the 
feldspar/HF to the feldspar/HF-H2S04 system. Thus 
it appeared that in the stronger HF/H2S04 acid, more 
aluminum was lost from the surface than silicon. This 
is in agreement with the results reported for dissolution 
of glassy silicates (White, 1982). 

The sample depths being observed in the spectra of 
the argon-ion-sputtered samples in this study could not 
be determined accurately, since sputter-etch profiling 
rate data for feldspars are not available. The profiling 
rate for quartz, however, is approximately 30% of the 
rate of Ta205 (the normal material used to indicate 
profiling rates) or 180 & n i n  for the sputtering rate 
used here. Assuming a similar rate for feldspars, a 30-s 
argon ion bombardment would be equivalent to a pene- 
tration of about 90 A into the mineral bulk. Although 
it should be emphasized that the feldspar value will 
probably vary somewhat from that of quartz, it would 
still represent a 45 A/30 s value at even half the rate of 
quartz. When one then considers the 10-15 8, mean 
free path of the emitted electrons for the 300-800 eV 
range (Allen et al., 1978), a 30-s sputtering period 
would represent a roughly 6@8, depth that is being 
observed with respect to the fluorine Auger signal. It 
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must also be remembered that elemental sputtering 
yields are different; this can result in altered surface 
layers enriched in elements that exhibit low sputtering 
yield (Hofman, 1980). In any case, however, the 
sputtering rate for feldspar will have to be known with 
certainty before the depth of penetration for the 
fluoride ion in this reaction system can be accurately 
determined. Moreover, the profiling may be confined 
exclusively to the chemical coating of the mineral that 
is rich in fluorine. 

Clearly, such HF treatments complex the surface in a 
manner that might be difficult to reverse; the extent of 
this chemical alteration is a function of the time of sur- 
face treatment and the concentration of the acid system 
being used. It is therefore suggested that such a treat- 
ment either not be applied to studies involving sorption 
measurements on silicate mineral surfaces or that this 
chemical treatment be extensively studied in order to 
thoroughly understand its effect on silicate mineral dis- 
solution kinetics. 

Current research in this laboratory is extending the 
present investigation of feldspar/acid interactions to 
include the use of x-ray photoelectron spectroscopy in 
conjunction with the Auger technique in order to 
attempt to identify the surface species involving sulfur 
and fluorine. The identification of potential complex 
anionic species such as S i F t -  and AlF63- will also be 
facilitated using combined binding energies/Auger 
kinetic energies (Auger parameters) (Taylor, 1981). 
Additionally, other surface approaches, such as secon- 
dary ion mass spectrometry, will be used in order to 
attempt to partition the contributions of various species 
to the total elemental contributions in the spectra (for 

INFRARED AND X-RAY PHOTOELECTRON 
STUDIES OF THE [(UO:+)2(OH)2]2+ CATION 

D. L. Perry 

This laboratory recently reported the synthesis and 
structure of the uranium dimer complex di-p-aque 
bis( dioxobis( ni trato)uranium( VI)) di-imidazole (Perry 
et al., 1980) (Fig. 1 ) .  Although the hydrogen atoms 
between the imidazole molecules and the bridging oxy- 
gen species were not located during the least-squares 

refinement of the crystal structure, they were assumed 
to be associated with the oxygen to form a water 
bridge; subsequent attempts to find the hydrogen atoms 
by means of electron density difference maps were also 
unsuccessful. The reason why the hydrogen atoms were 
assumed to be part of the water molecules is that previ- 
ous structurally documented hydrolysis products of 
uranium (Aberg, 1969) were unstable outside the reac- 
tion medium in which they were formed. Complex (I) 
is stable with respect to both air and moisture and can 
be stored without special precautions. Detailed experi- 
mental infrared and x-ray photoelectron data indicate 
that the hydrogen atoms could instead be localized on 
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example, to determine the relative contributions of lat- 
tice oxides and surface hydroxides to the Auger oxygen 
spectra and of F or SiF2- to the Auger fluorine spec- 
tra). 
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Figure 1. Structure of complex (I). [XBL 802-2421 

the “pyridine” nitrogen of the imidazole, thus affording 
a bridged hydroxy uranyl complex that is stabilized by 
imidazolium cations that are adjacent to hydroxy ligand 
bridges. This cation, [(UO:+)2(OH)2]2+, is one of 
the most frequently postulated uranium hydrolysis pro- 
ducts that might be found in radioactive waste migrat- 
ing from a nuclear repository site. 
As reported earlier (Perry et al., 1980a), the dimeric 

compound (Fig. 1) consists of two uranyl ion centers 
that are joined by either aquo (as originally postulated) 
or hydroxy bridging ligands. The two uranium atoms 
are 3.93 A apart. If the bridges are indeed water 
molecules, the complex is a coordination isomer of 
uranyl nitrate hexahydrate. In uranyl nitrate hexahy- 
drate, the two coordinated terminal water molecules are 
trans to each other (Taylor and Mueller, 1965), and the 
two bidentate nitrate anions are also trans to each 
other. Compound I, however, presents a case in which 
the nitrate ligands are cis to each other, whereas the 
water ligands are also cis to each other and bridging 
(Fig. 1). 

Two possibilities exist for the position of the hydro- 
gen atoms between the imidazole molecules and the 
bridging oxygen species. In Fig. 2(2), the hydrogen 
atoms are associated with the bridgiig oxygen group; 
this would yield a bridging aquo complex, with the 
water molecule hydrogen bonded to the imidazole (the 
originally postulated complex (Perry et al., 1980a). 
Figure 2( l),  however, shows an alternate situation in 
which the- hydrogen atoms are associated with the 
“pyridine” ring nitrogens of the nearby imidazole 
molecules. This results in a hydroxy-bridged uranyl 

H+ 

1 
N 

2 
N 

Figure 2. Two possible bonding modes involving the 
imidazole-oxygen bridge. [XBL 823-2091] 

complex in which anionic OH- bridges are presumably 
stabilized by imidazolium cations. 

Substantial, although not unequivocal, evidence 
exists for the bonding scheme depicted in Fig. 2( 1) in 
the infrared (Fig. 3) and x-ray photoelectron -data 
(Table 1) in addition to the previously reported 
infrared, luminescence, and structural results (Perry et 
al., 1980a). The arguments for this case are as follows: 

1. The two uranium-oxygen bonds, U-0(6) (Fig. 1) 
are 2.35( 1) and 2.37( 1) A. The corresponding bond 
strengths, calculated according to Brown and Wu 
(1976) are 0.57 and 0.55 valence units (v.u.), respec- 
tively. The sum, 1.02 v.u., is extremely larger for an 
H02  molecule; however, this value would be in good 
agreement with a bridging hydroxide group. 

2. The nitrogen-carbon bond lengths (the bonds 
involving both ring nitrogen atoms with adjacent carbon 

I I I 

3800 3400 3000 21 
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DO 

Figure 3. Infrared spectrum of complex (1). [XBL 8 2 4  
2 1 241 
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. Table 1. X-ray photoelectron data for complex (I) 
and U02( N03),.6H,0. 

Binding energies,avb peak widths, 
and intensity ratios 

Compound O,, FWHW Intensity ratio 

Complex (I) 533.1 2.4 2 
531.6 2.6 1 

U02(N03),*6H,0 533.4 2.3 2 
531.8 2.3 1 

aBinding energies and peak widths reported in electron 

bCalibrated against the carbon-1s line taken as 285.0 

‘Full width at half maximum, in eV. 

volts, eV. 

eV. 

atoms) in complex (I) are equivalent (Perry et al., 
1980a), indicating that both nitrogen atoms are similar 
in their bonding. This is the situation in the 
imidazolium-U02C1~- complex (Perry et al. 1980b). 

3. The bond distances and angles involved in the 
uranium-oxygen-uranium bridge in complex (I) are vir- 
tually identical to those reported for the 
[(N03),U02(OH),U0,(H20),]~H,0 (Perrin, 1976) 
and C1(H20)3U02(0H),U02(H,0)3C1 (Aberg, 1969) 
hydroxy-bridged dimers. The uranium-uranium “bond” 
lengths in the complexes are also similar, being 3.927, 
3.939, and 3.944 & respectively. 

4. The initially reported infrared spectrum of corn- 
plex (I) revealed two N-H stretching bands at 3350/crn 
and 3160/cm. Although both bands are in the region 
reported for other complexes of imidazole with transi- 
tion metal ions (Davis and Smith, 1971), the 3350/crn 
band has also been attributed to a hydroxy-bridged 
copper complex (Ferraro and Walker, 1965). Another 
assigned OH-bridge band at 3480/cm in the same 
copper system also appears in the spectrum of complex 
(I) (Fig. 3). A further study of the spectrum revealed 
additional bands at 355, 426, and 1090/cm that are 
almost identical to those previously reported for 
hydroxy-bridged cobalt (Nakamoto, 1963) and copper 
(McWhinnie, 1965) complexes. Band sets involving 
bands at 3580, 3520, 3100 and 3400, 3220/cm reported 

- by Ferraro and Walker (1965) for water ligands in 
U02( N03),*6H,0 and U02( N03),-2H,0, respectively, 
were absent. 

5. The oxygen-Is x-ray photoelectron spectrum 
(Table 1) of complex (I) consisted of a peak that could 
be deconvoluted into two peaks with binding energies of 
533.1 and 531.6 eV. A similar doublet could also be 

I resolved for UO,( N03),.6H20, the binding energies 
being 533.4 and 531.8 eV (compared to a single, “aver- 
aged” value of 533.3 eV that has been published 
(Miyake et al., 1975) for U02(N03),.6H,0. Accord- 
ingly, the 533.1 eV peak in complex (I) can be attri- 
buted to the NO,- oxygens; this is in excellent agree- 
ment with reported values for others nitrates (Wagner 
et al., 1980). The 531.6 eV peak in complex (I), how- 
ever, can easily be assigned to an OH- functional 
group. It is in good agreement with the values of 
531.9-532.2 eV observed for the oxygen-1s spectra of 
NaOH-hydrolyzed uranyl salts (Perry et al. 1982); 
moreover, it is quite similar to the 531.5 eV value 
reported for the alkoxide oxygen in uranyl alkoxide 
compounds (Perry, 1981). Values of -531.2-531.8 eV 
have been observed for several other metal hydroxide 
compounds (McIntyre and Cook, 1975; Perry et al., 
1977). The intensity ratios reported in Table 1 for 
these lines are also in excellent agreement with these 
assignments. A third oxygen- 1s photoelectron line 
corresponding to the uranyl oxygen was not resolved. 

If the bridging species are in fact hydroxy groups 
rather than water groups, this would be one possible 
explanation for the difference in the luminescence spec- 
tra of complex (I) and UO2(NO3),.6H2O that were 
reported by Brittain and Perry (1980). These studies 
showed that although the emission spectra for the two 
compounds are the same at room temperature, 
significant differences are observed on cooling to 77 K; 
vibronic structure is observed for (I), but none is evi- 
dent for UO2(NO3),*6H2O. The existence of this 
hydroxy bridge, however, would still not unequivocally 
exclude three other possibilities for these differences: 
weak coupling of the two U02+, species with the imi- 
dazole molecule in (I), coupling of the lattice waters in 
U02(N0,)~6H,0 with the central U02+2 ion, or 
interaction of the two uranyl centers with each other in 
complex (I). 

The existence of an imidazolium-stabilized hydroxy 
bridge in complex (I) represents a potentially new 
approach for the study of solid-state uranyl hydrolysis 
products that are stable outside the reaction solution in 
which they are formed. Once the coordinated ligands 
about the uranyl ions were chosen (sulfates, acetates, 
etc., or, as in the present case, nitrates), mild hydre 
lysis of that compound could then be effected using imi- 
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dazole as the base. One restriction to this approach 
might be that the compound being hydrolyzed must also 
contain water molecules in two coordination sites (or 
have two vacant coordination sites) that could then be 
replaced with OH- groups to form the bridges in the 
dimers. 
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SORPTIVE DIFFUSION IN CLAY G E E  

C.J. Radke. F.M. Jahnke, and J.A. Apps 

Confidence in the confinement of high-level radioac- 
tive wastes disposed of in  underground sites may be 
significantly increased when an engineered barrier or 
backfill surrounds the waste package. If properly 
designed, such a barrier can retard significantly the 
migration of toxic ions even after the failure of the 
waste canister. This backfill should be inexpensive, 
readily available, highly sorptive to toxic species, an 
adequate thermal conductor, impermeable to groundwa- 
ter flow, easily applied, compatible with the host geolo- 
gic formation, and, if possible, a fracture sealant. One 
material that meets these requirements is the clay 
mineral smectite, or montmorillonite, possibly spiced 
with quartz and anionic getters. To properly design a 
montmorillonite based backfill, mathematical models to 
aid in ascertaining the requisite amount and 
configuration of the backfill and well-defined 
confirmatory experiments are necessary. These are the 
goals of this research project. 

Deciding how much clay is needed for adequate pro- 
tection requires calculation of the rate at which typical 
toxic ions migrate through the backfill material. 
Because clay gels do not readily support flow and also 
because estimated convection rates in proposed geologic 
storage media are low, diffusion controls the movement 
of ions in the gel. Ion migration rates in clay gels nor- 
mally have been calculated from a solution of Fick's 
second law, modified properly for the overall porosity 
and the presumed instantaneous ion exchange properties 
of the clay. Recent experiments (Torstenfelt et al., 
1980) have shown that this simple description of ion 
migration in clay gels is not adequate to design 
backfills. The reason for this is that no consideration is 
given to how the clay particles arrange themselves spa- 
tially to form the gel. 

Montmorillonite clay particles are highly asymmetric 
platelets that interact with one another to produce a gel 
structure, caused by electric double-layer, van der 
Waals and electrostatic forces. The resulting structure 
has been studied extensively by many methods, includ- 
ing x-ray and neutron small angle scattering, light 
scattering, swelling pressure, rheology, and electron 
microscopy, but is still not fully understood. 

For this reason, prior to formulating complicated 
mathematical models, we feel that it is critical to obtain 

reliable experimental data of ion migration rates 
through compacted clay gels upon which we may base 
models that embody enough physical reality to provide 
reliable tools to design backfills. 

DIFFUSION CELL DESIGN 
The backfill material surrounding a nuclear waste 

canister will initially not experience significant loading. 
However, if the site is enclosed, the barrier material 
may eventually experience forces as large as the 
difference between the lithostatic and hydrostatic heads. 
Therefore, to understand ion migration in backfills 
representative of those in the field, the barrier material 
must be studied at various known degrees of compac- 
tion. The experimental cell must also allow sampling to 
determine uptake of elements by the clay barrier, must 
permit ion concentration profile measurements, and 
must include some means of continuously monitoring 
structural changes of the clay into which the ions 
diffuse. Finally, the apparatus must not impose a resis- 
tance to mass transfer such that experiments are either 
too lengthly in duration or insufficiently sensitive to the 
properties of the gel. 

We have designed a diffusion cell, shown in Fig. 1, to 
meet the above objectives. The clay chamber confines 
the barrier material, which may be compacted to a 
desired degree by an externally controlled piston. Two 
electrodes (one being the piston head) monitor struc- 
tural changes by measuring the electrical conductivity 
of the material within the clay chamber. An electrolyte 
solution containing the ion under study flows through 
the sintered metal disk and diffuses through the 
confining Nuclepore membrane into the clay gel. The 
ion uptake into the gel in the clay chamber is moni- 
tored by taking intermittent samples from the sample 
chamber. At the end of the experiment, the apparatus 
may be disassembled and the gel incrementally sec- 
tioned for ion profile measurement. 

The key feature of the diffusion cell is the low mass 
transfer resistance it imposes on the diffusion of ions 
into the clay gel due to convective transport through the 
sintered metal disk. The calculated mass transfer resis- 
tance is now confined to the thin Nuclepore membrane 
and the concentration boundary layer in the porous disk 
adjacent to the Nuclepore membrane. Because of con- 
vective flow, the concentration boundary layer thickness 
is small. Hence the mass transfer resistance of the cell 
is essentially that of the Nuclepore membrane, which is 
quite low (about 1500 s/cm). 
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Figure 1. Schematic diagram of the radial flow cell. [XBL 
829-1 17161 

The radial flow configuration also allows the sintered 
metal disk to be supported throughout its entire length. 
The maximum load the membrane can withstand is now 
a function of the support plate, which can be made as 
thick as desired. 

The cell is also unique in its handling of the barrier 
clay gel. The clay is always in contact with water, so 
uniform hydration is assured. Our design permits 
measurement of both ion uptake from an external solu- 
tion and the ion profile within the gel. Thus it is possi- 
ble to derive meaningful data from this new cell 
because of the reduction of mass transfer resistance and 
the ability to compact the backfill under realistic pres- 
sures. 

DIFFUSION CELL PERFORMANCE 
To establish that our radical flow cell design can 

indeed quantify diffusion rates in a gelled material, 
unencumbered by external mass transfer resistances, we 
chose to measure concentration profiles in a noncom- 

pacted gel. In this case a simple stirred cell diffusion 
experiment can be performed in addition to the radial 
flow cell diffusion experiment. In the simple, stirred 
cell no porous support is necessary, so there are negligi- 
ble external mass transfer resistances. Then, if the ion 
profiles measured by both experiments are identical, our 
radial flow cell is designed and operating properly. 

Figure 2 shows ion profiles measured in a 4 wt% agar 
gel in the two diffusion experiments. Agar was chosen 
only for ease of handling. The solid line gives the 
radial flow cell profile, and the broken line shows the 
simple stirred cell result. Cesium is the diffusing ion, 
and its concentration at the gel surface is fixed during 
the course of the experiment at 0.01 M. The solution 
pH is 10, and the background ionic strength is M 
sodium chloride. 

Note that the two cesium profiles in Fig. 2 agree 
extremely well. The only significant deviation is in the 
initial region (i.e., 0 5 2 5 0.1) of the stirred cell 
profile. This is due to a minor sampling error and 
therefore may be accounted for. We conclude that our 
radial flow cell, which can probe compacted barrier 
materials. is properly designed. 
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Figure 2. Cesium profiles in agar. [XBL 8212-43931 
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ION DIFFUSION THEORY 
In our 1981 annual report we suggested that the com- 

pacted montmorillonite gel has a micropore-macropore 
structure (Apps and Radke, 1981); that is, there are 
local domains in which the clay platelets are reasonably 
well aligned by the electric double layer forces in a reg- 
ular parallel array. The void spaces in these aligned 
domains constitute the micropores. A given micropore 
domain does not extend thrwghout the gel. Rather, 
micropores are randomly arranged in space. The void- 
age separating the local micropore domains from each 
other is designated as macropore. 

The micropore-macropore clay structure was first pro- 
posed by this laboratory from some simple stirred cell 
ion diffusion experiments with uncompacted bentonite 
(Chi and Radke, 1979). Moreover, some low-angle x- 
ray scattering results (Hight et al., 1962) yield a simi- 
lar conclusion for the geometry of montmorillonite gels. 
Our attempts at directly observing such structures by 
fast-freeze SEM examination proved unsuccessful 
because of ice formation, which destroyed the local 
structure. Thus there remains no conclusive, direct evi- 
dence for such in montmorillonite gels. 

We believe, nevertheless, that a micropore-macropore 
picture or something like it is the key to understanding 
ion diffusion rates in compacted barrier materials con- 
taining a significant portion of bentonite. The results 
of Torstenfelt et al. can be rationalized, at least qualita- 
tively, with such a structure. 

To understand ion diffusion in clay gels, we are 
attempting to quantify the micropore-macropore picture. 
We are also quantifying the tortuosity within the micro- 
pore domains and ion exclusion effects. 

CONCLUSIONS 
Because migration 

not well understood, 
rates in compacted backfills are 

we have constructed a radial-flow 
diffusion cell that can measure diffusion rates of any 
nuclide or mixtures of nuclides, or any proposed 
backfill material under known and varying degrees of 
compaction. Preliminary diffusion measurements with 
an uncompacted gel establish that the radial flow cell is 
free of external mass transfer resistance and can 
correctly monitor gel diffusion rates. 

Compacted montmorillonite gels apparently consist of 
macro- and microporous spatial regions. Ion diffusion 
rates are influenced by both the amount and 
configuration of the two porosity regions, along with ion 
exchange kinetics and electrical exclusion effects. 

REFERENCES 
Apps, J.A., and Radke, C.J., 1981. Sorptive diffusion 

in clay gels. In Earth Sciences Division Annual 
Report 198 1 .  Lawrence Berkeley Laboratory report 

Chi, IC, and Radke, C.J., 1979. Sorptive diffusion of 
cesium chloride in a smectite gel. Undergraduate 
Research Report, Department of Chemical 
Engineering, University of California, Berkeley. 

Hight, R., Jr., Higdon, W.T., Darley, H.C.H., and 
Schmidt, P.W., 1962. Small angle x-ray scattering 
from montmorillonite clay suspension. 11. Journal 
of Chemical Physics, v. 37, no. 3, p. 502. 

Torstenfelt, B., Anderson, K., Kipatsi, H., Allard, B., 
and Olofsson, U., 1981. Diffusion measurements 
in compacting bentonite. In S. Topp (ed.), 
Scientific Basis for Nuclear Waste Management 
(Vol. 4), New York, North-Holland Press. 

LBL13600, p. 48-50. 

101 



ADVECl'IVE/DISPERSIVE SOLUTE 
TRANSPORT "ROUGH AN INFINITE 
POROUS MEDIUM WITH A SECOND 
ORDER RATE OF INTERPHASE MASS 

TRANSFER 

J.S. Remer and C.L. Gunahan 

The temporal dependence of processes of mass 
transfer between fluid and solid phases during transport 
by moving groundwater can affect concentrations of 
solutes in ways that are not predictable by methods 
based solely upon consideration of chemical equilibria. 
In cases where the chemical reaction at the phase boun- 
daries is either by ion exchange or adsorption, the most 
generally useful mathematical models for the reaction 
progress are based upon reversible, second-order reac- 
tion kinetics. Many researchers have used the second- 
order, reversible rate equations for ion exchange or 
adsorption in conjunction with the mass conservation 
equation for advective transport (neglecting hydro- 
dynamic dispersion and fluid-phase diffusion) to obtain 
analytical solutions for solute concentrations. 

If it is assumed that an exchangeable or adsorbable 
ion's concentration in the solid phase is very small rela- 
tive to the exchange or adsorption capacity of solid, and 
(in the case of ion exchange) that its concentration in 
the fluid phase is very small relative to the concentra- 
tion of an exchangeable, supporting electrolyte, then 
the rate equations for reversible, second-order reactions 
can be approximated by equations describing reversible, 
first-order reactions. These assumptions, when applied 
to ion exchange or adsorption processes, imply a very 
small extent of reaction, and must be used with cau- 
tion. In particular, the first assumption is equivalent to 
assigning an infinite exchange or adsorption capacity to 
the solid phase. The approximation of first-order kinet- 
ics can be coupled with advective/dispersive transport 
to obtain a system of linear equations that is capable of 
being solved analytically; this was first shown by 
Lapidus and Amundson (1952). Coupling of 
advective/dispersive transport with a reversible, 
second-order kinetic model of interphase mass transfer, 
however, produces a system of equations not amenable 
to analytical solution. Gupta and Greenkorn (1973) 
solved such a system numerically, with constant concen- 
tration boundary conditions, in their study of Langmuir 

adsorption accompanying onedimensional, advective/ 
dispersive transport in a semi-infinite medium. 
In the past year we have combined several numerical 

techniques to solve a system of equations describing 
advective/dispersive transport in a three-dimensional, 
infinite medium with unequal longitudinal and 
transverse dispersion following a point release of a 
solute that can be sorbed on a solid phase. The sorp 
tion proceeds according to a reversible, second-order 
rate expression. This is an extension of our previous 
work (Carnahan and Remer, 1981), in which sorption 
was governed by a reversible, first-order rate expression. 
The objective of the present work is to identify and 
quantify effects on solute concentrations caused by 
approach to saturation of the solid phase in a nonequili- 
brium sorptive system, and to present a numerical 
scheme for solution of this t y p  of problem. 

EQUATIONS OF TRANSPORT AND 
INTERPHASE MASS TRANSFER 

In mathematically formulating the transport problem, 
we have assumed that the fluid velocity is steady and 
uniform, the principal axes of the dispersion tensor are 
parallel to those of an ( x  ,y , z )  'coordinate system, and 
the medium is isotropic and homogeneous. The govern- 
ing transport equation then simplifies to 

ac azc + 1 ac 
- = D T ( T  at r a r )  

+ DL- a2c - v- ac -xc - [+Is, (1) 
az2 az 

where C is the concentration in the fluid phase, DL is 
the coefficient of longitudinal dispersion, DT is the 
coefficient of transverse dispersion, r is radial distance, 
S is the rate of interphase mass transfer, t is the time, v 
is the average, steady fluid velocity in the z direction, e 
is the porosity, and X is the radioactive decay constant 
of the solute. The mass conservation equation for the 
solute in the solid phase is 

a = - X Q  + S ,  
at 

where Q is the solid phase concentration of the solute. 
The rate of interphase mass transfer describes the 

rate at which the solute in the solid phase increases. 
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The most general expression incorporating a site 
constraint is that for Langmuir adsorption, 

S = k,’(Qs - Q ) C  - k i Q ,  ( 3) 

where k,’ is the forward rate constant, k i  is the back- 
ward rate constant, and Qs is the sorptive capacity of 
the solid phase. 

To complete the problem formulation, an initial con- 
dition and two boundary conditions are needed. The 
fluid and solid phase concentratioxis of solute are zero 
initially: 

C(r , z ,O)  = 0, Q(r , z ,O)  = 0. ( 4) 

The outer boundary condition is that the solute in both 
phases is zero at infinity: 

lim C ( r , z , t )  = 0, 
r .2-w 

lim Q ( r , z , t )  = 0. 
r . 2 - w  

The second boundary condition cannot be expressed as 
a concentration or as a concentration gradient, but 
rather is an expression of the conservation of mass, 
M(t), in the system: 

+ (1 - ~ ) Q ( r , ~ , t ) ] r  dr dz = M ( t ) .  (6) 

Mass is introduced into the system by means of a 
point source located at the origin. Three types of mass 
release have been considered: an instantaneous release 
of mo moles; a continuous release of mi exp(-AT) 
moles per unit time, where m( is the initial rate of 
release and X is the decay constant; a continuous release 
of mi exp(-At) moles per unit time that ceases at time 
I f  

METHOD OF SOLUTION 
A version of the alternating-direction-implicit (ADI) 

method has been used to solve (1) for C. A finite 
difference method has also been used to solve (2) for Q. 
A half-time step projection method has been used to 
treat the nonlinear term (CQ) in (3). 

Transformation of Equation 

Before applying the AD1 method to ( l ) ,  the equation 
was transformed using a coordinate transform that maps 
the semi-infinite space described by the ( r , z )  coordinate 
system onto a finite space. Transforming the partial 
differential equation complicates the difference equation 
by introducing variable coefficients, but is necessary to 
avoid approximating an infinite boundary condition by a 
finite one. Gupta and Greenkorn (1973) used the nega- 
tive exponential function to map a semi-infinite space to 
a finite space when solving a one-dimensional 
advection/dispersion equation with a reaction term. 
The transformation chosen for the present work is 

r = exp(culu2)tan(cu2u ), 

where ( Y ~ , C Y ~ , / ~ ~ ,  and b2 are constants that determine the 
spacing of coordinates in the untransformed ( r , z )  space. 
These relations define the following mappings. When 
u = 0, then r = 0 and when u = 7r/2, r = co; simi- 
larly w = 1 / 2  means that z = -m and w = 7r/2 is 
mapped to z = +m. With constant grid spacing in u 
and w, a careful choice of the transformation constants 
results in a small grid spacing in r and z near the ori- 
gin, where the concentration profile is quite steep at 
early times, and a larger grid spacing far away from the 
origin, where the concentration gradients are quite 
small. Solving the transformed equation is similar to 
using an uneven spacing in r and z without transform- 
ing the equation. In both cases, the coefficients in the 
finite difference equation are dependent on the space 
coordinates. 

Alternating-Direction-Implicit Methods 

The AD1 methods introduced by Douglas, Peaceman, 
and Rachford have been widely used to solve partial 
differential equations in two space variables (Douglas, 
1961). In the method chosen for this work, the finite 
difference equation for the first half of the time step is 
implicit in the transform variable u and explicit in the 
transform variable w. In the second half of the time 
step, the roles of u and w are reversed. The version of 
the AD1 method described above has been shown to be 
consistent and unconditionally stable (Douglas, 1961; 
Douglas and Gunn, 1964). Furthermore, it has the 
advantage that the finite difference approximation to the 
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partial differential equation results in a tridiagonal sys- 
tem of equations that is very simple to solve. The diag- 
onal and off-diagonal elements are stored in one- 
dimensional arrays and manipulated using an algorithm 
based on LU-decomposition in Dahlquist and Bjorck, 
1974). 

Approximation of Conservation of Mass Equation 

A weighted sum of the values of C and Q at the finite 
difference grid points has been used to approximate the 
conservation of mass equation (6). Simpson’s formula, 
a fivepoint integration formula, and the trapezoidal 
rule have been combined in an integration formula from 
which the weights are derived (Abramowitz and Stegun, 
1964; Dahlquist and Bjorck, 1974). 

The conservation of mass equation is used in two 
ways in the method of solution. First, it is used to 
check the agreement between the mass computed from 
the concentration distribution and the actual mass at 
the end of each time step for the instantaneous release 
case. In this case, no mass is added after the first time 
step. Because the agreement between the computed and 
actual mass is quite good, no means of correcting the 
mass balance was implemented in the method of solu- 
tion. 

The second way in which the conservation of mass 
equation is used in the solution method is in the forma- 
tion of the second or inner boundary condition for the 
continuous release case. The finite difference equation 
for the solute concentration at the origin is replaced by 
an approximation of the conservation of mass equation. 
This is equivalent to approximating a continuous release 
of solute by an instantaneous release of solute at the 
beginning of each time step. In the former case, the 
concentration at the point of release is always infinite 
because of the nature of the point source. In the latter 
case, the concentration at the origin is infinite at the 
beginning of the time step at which the instantaneous 
mass release occurs, but finite at the end of the time 
step. 

At the end of the time step, the amount of mass in 
the system is computed from the calculated concentra- 
tions. The sum is compared to the actual mass in the 
system. The difference is added to the system by 
increasing the concentration in the fluid phase at the 
origin. This approach is reasonable because it is analo- 
gous to the way in which mass is introduced into the 
system. It has also proved to be valid for two reasons. 
The first, mentioned above, is that the difference 
between the calculated mass and actual mass for an 

instantaneous release of mass is small. Second, the 
agreement between the analytical and numerical solu- 
tions for the linear, nonequilibrium case is quite good. 

In the numerical scheme for calculating the continu- 
ous release case, the integration formula for the conser- 
vation of mass equation replaces the finite difference 
equation that would ordinarily be used to solve for the 
concentration at the origin. The coefficient matrix is no 
longer tridiagonal, but the system of equations can still 
be solved using LU-decomposition (Dahlquist and 
Bjorck, 1974). 

Treatment of Second-Order Rate of Interphase 
Mass Transfer 

A forward projection method is used to estimate S, 
the interphase mass transfer rate, at the half-time lev- 
els. A truncated Taylor series is used initially to esti- 
mate C and Q at the half-time levels (von Rosenberg, 
1969). Finite difference approximations of the 
differential equations for Cand Q, (1) and (2), are sub- 
stituted for the time derivatives in the truncated Taylor 
series. The values of S at the half-time levels are then 
calculated from the rate law for S, (3) ,  using the values 
for C and Q calculated at the half-time levels as 
described above. This procedure is used only for the 
first pass through the time step. Thereafter, the new 
estimates of S at the half-time levels are formed from 
the average of the old and intermediate values of S for 
the first half-time step level. The iteration on the esti- 
mates of S at the half-time step levels continues until 
the differences between the new and old estimates are 
smaller than a specified tolerance. 

VALIDATION AND LIMITATIONS OF 
METHOD OF NUMERICAL SOLUTION 

The computer code that calculates the numerical 
solution was developed in three stages in order to check 
the programming and different aspects of the method of 
solution. In the first stage, the program calculated a 
concentration distribution resulting from an instantane- 
ous release of solute; no sorption was allowed. Com- 
parison of the analytical and numerical solutions pro- 
vided a check on the programming of the AD1 method 
and on the subroutines called upon to solve the three 
types of matrix equations encountered. Some experi- 
mentation with the grid spacing and time step size was 
done to determine acceptable limits for future computa- 
tions. The procedure by which the mass in the system 
is summed was also checked at this stage. 
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The mechanism for a continuous release of solute was 
added in the second stage. Comparison with an exist- 
ing analytical solution (Carnahan and Remer, 1981) 
shows that the formulation of the inner boundary condi- 
tion discussed earlier provides a reasonable approxima- 
tion to a continuous solute release. As expected, the 
analytical and numerical solutions disagree near the 
point of release. The analytical solution is infinite 
there as a result of using a point source. The difference 
between the solutions decreases with distance from the 
origin. 

The equations for Q and S were added to the code in 
the final stage. The analytical solution for mass tran- 
sport with first-order, nonequilibrium sorption (Car- 
nahan and Remer, 1981) provides a check on the pro- 
cedure for calculating S. The agreement between the 
analytical and numerical solutions for both an instan- 
taneous and continuous release of solute for a large 
range of r and z values is excellent (Remer and Car- 
nahan, 1982). For large values of both r and z ,  the 
numerical solution exceeds the analytical solution; 
therefore, the resolution of the numerical solutioni.e. ,  
the smallest magnitudes of concentration that the 
numerical solution accurately predicts-is limited. For 
the purpose of this research, which has as its aim a 
comparison of the effects of using a linear or nonlinear 
rate of interphase mass transfer, the resolution is ade- 
quate. 

SUMMARY 
By combining several numerical techniques, we have 

developed a numerical method for calculating the con- 
centration distribution in a groundwater flow system 
resulting from a point of release of solute and subject 
to sorption by a second-order rate of interphase mass 
transfer, either by ion exchange or Langmuir adsorp 
tion. This extends our previous work in studying 
processes of mass transfer during groundwater transport 
in which we derived analytical solutions to the transport 

problem for sorptive systems characterized by a first- 
order rate of interphase mass transfer. 
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INERTIAL EFFECTS IN TRANSPORT OF 
RADIOACI’IVE WASTE THROUGH 

ENGINEERED BARRIERS 

C.L. Carnahan 

Mathematical models used to predict the performance 
of proposed engineered barrier materials traditionally 
have been constructed by combining the mass conserva- 
tion equation with a constitutive relation describing the 
dependence of mass flux on forces acting on the system. 
Constitutive relations have taken a variety of forms; the 
usual practice in mass transport is to ignore therm@ 
dynamic couplings to other transport processes, to 
approximate chemical potential gradients by concentra- 
tion gradients, and to write the constitutive relation for 
a single diffusing species in the form of Fick‘s law. In 
this form, the diffusive mass flux is stated to be propor- 
tional to the (negative) gradient of concentration 
through a transport coefficient that, in a fluid-saturated 
porous matrix, is the coefficient of hydrodynamic 
dispersion. This procedure results in a parabolic partial 
differential equation of transport, the “diffusion equa- 
tion,” and is subject to criticism on two grounds. 

First, the simple phenomenological relation embodied 
in Fick’s law was deduced from consideration of sys- 
tems in steady states, and does not account for transient 
inertial effects. Its application to systems showing 
explicit temporal dependence is questionable. 

Second, solutions of the diffusion equation have the 
property that a material or thermal anomaly must be 
propagated with infinite velocity; i.e., the velocity of a 
concentration isopleth becomes large without bound as 
either time or concentration approaches zero. This non- 
physical result (the “instantaneous propagation para- 
dox”) has received increased attention in recent years 
in the literature on heat transport (e.g., Cattaneo, 1958; 
Vernotte, 1958; Swenson, 1978; Liu, 1979). 

The paradox can be resolved by careful consideration 
of inertial processes (i.e., temporal changes of forces 
and fluxes) in a transporting system. Thus Bearman 
(1958, 1959) and Bearman and Kirkwood ( 1958) used a 
statistical mechanical analysis of momentum balance, 
and Machlup and Onsager (1953), Luikov (1966), 
Gyarmati (1977), and others used the thermodynamics 
of irreversible processes to derive constitutive relations 
including inertial terms explicitly. The simplest form 
of an inertial term is the (negative) time derivative of a 

flux, multiplied by a characteristic relaxation time; this 
term is added to the diffusive term in Fick‘s law to give 
the complete constitutive relation for a given flux. The 
result of combining such a relation with the mass con- 
servation equation is a hyperbolic partial differential 
equation of transport describing a propagated wave with 
distortion caused by dissipative processes. 

Solutions to the wave equation of transport in one 
dimension have been derived for initial and boundary 
conditions appropriate to nuclear waste repositories, and 
numerical results have been computed for a variety of 
values of transport properties (including the inertial 
relaxation time). Figures 1 and 2 show profiles of 
advective fluxes (effectively, concentrations) and 
diffusive fluxes at an instant of time, T, as a function of 
distance, X, from the origin of a semi-infinite, one- 
dimensional space. Both figures show results computed 
for T equal to 0.2 year, advective velocity, V, equal to 1 
m/year, and the coefficient of hydrodynamic dispersion, 
D, equal to 0.2 m2/year. In each case, the inner boun- 
dary condition was a constant total (advective plus 
dispersive) flux, Jo mol/m2-year), at the origin. In Fig. 
1, the ordinate is the dimensionless ratio of the advec- 
tive flux, VC, where C i s  the concentration of solute in 
mol/m3, to the boundary flux, JW In Fig. 2, the ordi- 
nate is the dimensionless ratio of the dispersive flux, j ,  
to the boundary flux, JW Note that the dispersive flux 
is composed of two terms: the usual “Fickian” flux 
plus the inertial term. Graphs of inertial solutions are 
shown for two values of the relaxation time, 7,  and 
their corresponding values of propagation velocity, V,. 
Corresponding solutions of the inertialess transport 
equation (7 = 0) are also shown for comparison. 

7 = 0.2y 
= 1.62m/y  v = I m / v  

vc 
- A  

.2 J0 ,r = 0 

0 .2 .4 .6 .8 

Figure 1. Advective flux for flux boundary condition. 
[XBL 833-8614] 
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Figure 2. Diffusive flux for flux boundary condition. [XBL 
833-861 51 

Several properties of the solutions obtained, as illus- 
trated in Figs. 1 and 2, are interesting in the context of 
the nuclear waste disposal problem: 

The leading edge of a solute front propagates at a 
finite velocity dependent on the relaxation time, the 
dispersion coefficient, and the mean advective velocity 
of fluid flow (if any). In the limit as the relaxation 
time goes to zero, the velocity of propagation increases 
without bound and the wave solution approaches the 
diffusion solution. Conversely, as the relaxation time 
increases in an advective system, the velocity of propa- 
gation approaches the advective velocity and the wave 
solution approaches a distortionless translation of the 
initial material anomaly. 

The leading edge of a solute front is truncated by 
a step function that decreases in magnitude exponen- 
tially with time. 

Inertial effects are most evident near the leading 
edge of the solute front, but as time becomes large rela- 
tive to the time of arrival of the leading edge at a given 
location, the wave solution approaches the diffusion 
solution; i.e., the mass flux becomes “Fickian.” 

1. 

2. 

3. 

Estimation of values of the relaxation time, T ,  has 
proved to be very difficult. Chu and Sposito (1980) 
have discussed the physical meaning of T and have indi- 
cated how 7 can be estimated from the appropriate 
experimental data. However, such data are very scarce; 
indeed, no experiments directed specifically toward 
estimating T have been reported. Chu and Spasito, 
using other data, estimate a value of the order of IO4 s 
(3  X lo4 year) for sandy soils. This value is two to 

three orders of magnitude lower than the values used in 
the calculations shown in Figs. 1 and 2, and it is clear 
that the inertial effect would be insignificant at this 
level. However, the nature of the data used by Chu 
and Sposito renders their estimate imprecise, and it is 
more likely too low than too high. A need for further 
research exists in  two areas: (1) acquisition of data 
from appropriately designed experiments to more pre- 
cisely define the magnitude of the inertial effect in 
engineered barrier materials, and (2) further develop 
ment of the fundamental concepts underlying the theory 
of solute transport in porous media. 

In summary, it is evident that model calculations of 
breakthrough curves of radionuclides transported 
through engineered barriers could be erroneous near the 
leading edge if the inertial effect were sufficiently 
large. Conversely, theoretical interpretation of the 
results of laboratory measurements or of field monitor- 
ing experiments would be adversely affected by an 
incorrect choice of transport model. Because of a lack 
of data needed for precise evaluation of the inertial 
parameter, T ,  considerable uncertainty exists about the 
significance of inertial effects in engineered barriers.’ 
However, it is clear that inclusion of inertial effects in  
mass transport provides, in principle, an improved phy- 
sical basis for the evaluation of barrier performance. 
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TOWARD A COMPREHENSIVE MODEL OF 
CHEMICAL TRANSPORT IN POROUS 

MEDIA 

C.W. Miller 

To provide a better understanding of the chemical 
processes that are important during the transport of 
radionuclides away from a nuclear waste repository, a 
numerical model CHEMTRN has been developed. The 
principal issue that is being addressed is the level of 
chemical complexity needed to predict radionuclide 
migration accurately. The first version of CHEMTRN 
incorporated sorption via ion exchange, complexation 
within the aqueous phase, dissociation of water, disper- 
sion, and advection. All chemical reactions are 
assumed to be at equilibrium. The solution procedure 
had been (1) to select a set of basis species that could 
be used to define all the other species present, (2) to 
express changes in all species in terms of changes in the 
basis species, (3) to write a transport equation for each 
of the basis species, and (4) to solve numerically the 
set of transport equations. However, the particular 
method of solution used was found not to be flexible 
enough to easily incorporate alternate chemical mechan- 
isms. The model CHEMTRN was rewritten to provide 
better flexibility in order that many different types of 
chemical mechanisms could be considered. It extends 
the work of Rubin and James (1973), Valocchi et al. 
(1981), and Jennings et al. (1982). In addition, the 
precipitation or dissolution of solids and a surface com- 
plexation model for sorption were incorporated. The 
model has been compared to a known analytical solution 
and to a field test in which sorption was the principal 
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chemical mechanism of interest. Good results were 
obtained. 

The model CHEMTRN is based on a one-step pro- 
cedure that consists of solving a system of equations 
simultaneously describing aqueous-phase chemical reac- 
tions and convective-dispersive transport with instan- 
taneous interphase mass transfer. The transport equa- 
tions are finite differenced in space to give a set of ordi- 
nary differential equations in time. These equations are 
then combined with mass action equations, solubility 
products, and a site constraint equation to give a set of 
differential/algebraic equations in the form 

A(rn,?)$ + G ( m , t )  = 0, 

where rn denotes the molar concentration of all the 
species. The boundary conditions are also expressed in 
the above form to allow for additional flexibility. The 
set of equations is solved using a Newton-Raphson itera- 
tion technique. Given the initial conditions, a guess is 
made for the values of the concentrations at all the 
nodes at t + A t ,  where A? is the time step. These 
guesses are then used in the above set of equations, and 
the residue, R, or errors in the equations for these 
guesses, is calculated. In addition, the Jacobian, J, is 
computed, where J = aR/arn. The Jacobian is used 
to predict the next approximation to the new concentra- 
tions by solving 

where k is the iteration number and 1 +1 denotes time 
t + At. This method has been used by Kee and Miller 
(1981) to model chemically reacting boundary layer 
flow. To save time a new Jacobian is not calculated at 
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every interaction or at every time step. One is calcu- 
lated only if convergence is slow. Once convergence is 
fairly rapid, the time step is increased. Details of the 
solution procedure are given by Miller and Benson 
(1982). 

After each time step, the solubility constraint for 
every solid phase that is being considered is tested at 
all the node points. If any of the solubility constraints 
is exceeded at a node point, the total amount of each 
basis species is computed and a new redistribution of 
species is done at that node point. All the solubility 
constraints are considered when the new equilibrium is 
calculated. From that point on, the solubility con- 
straint is satisfied for any precipitate that has formed at 
the node point and is included in the system of 
differential/algebriac equations, which are solved simul- 
taneously. The transport equation at that node point 
will now include an additional term that represents the 
change in the amount of precipitate at that point. For 
dissolution, the opposite occurs: if [ A ] [ B ]  < Kk, a 
new equilibrium distribution of species is calculated. If 
the precipitate has redissolved, the solubility constraint 
equation will no longer be satisfied at that node point. 

SIMULATION OF CHEMICAL 
TRANSPORT 

The numerical model CHEMTRN has been used to 
simulate the transport of chemical species in a porous 
medium. Several different examples are given here. 
First, to illustrate the accuracy of CHEMTRN, com- 
puted solutions are compared to a known analytical 
solution. Second, CHEM'TRN is used to simulate a 
field test in which Na', Ca2+, and Mg2+ are being 
transported in a groundwater system as well as being 
sorbed onto the solid supporting matrix. The last exam- 
ple shows the ability of the model to handle precipita- 
tion as well as dissolution of solids. 

CHEMTRN has been used to model the transport of 
a chemical species in a semi-infinite medium where the 
initial concentration of the species is ci for 0 < x < 00 

and where at time t > 0, the concentration at x = 0 is 
maintained at c b .  Far from this boundary, the concen- 
tration of the species remains at the initial concentra- 
tion. For this particular case, the sorption of the 
species was not considered. The analytical solution for 
the concentration of the species as a function of time 
and position is known and given by 

+ -exp 1 [ % j e r f c  [ ] . 2 

Figure 1 is a comparison between this analytical solu- 
tion and the numerical solution of the same problem 
using CHEMTRN. The velocity used was 0.1 m/h and 
the dispersion coefficient 1.0 v. The comparison was 
made at 10 and 20 h. However, in the numerical solu- 
tion a boundary condition of a c l a x  = 0 was imposed 
4.75 m downstream. The deviation of the numerical 
model from the analytical solution occurs only when the 
influence of this boundary is felt. 

In addition to being transported downstream, a 
species can be sorbed onto the solid matrix. A typical 
method of handling sorption is to assume that the 
amount of sorbed material is proportional to the concen- 
tration of that species in the aqueous phase, f i  = kDm. 
When this kD type of model is appropriate, one can 
consider the same problem as above but with the 
species sorbing as well as being transported. The 
analytical solution is obtained by replacing both v and 
D by an effective velocity and dispersion coefficient, v' 

1 .o 

0 0.8 

1 0.6 

- 0.4 

-2 

I 

co 
0 
1 

% 
0 

o numerical solution 

0.0 1.0 2.0 3.0 4.0 5.0 
Distance (m) 

Figure 1. 
solution using CHEMTRN. [XBL 8210.31281 

Comparison of analytical solution and numerical 
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and D', where v' = v/(l  + kD) and D' = 

D/(1 + kD). Figure 2 is a comparison between the 
analytical solution and the numerical simulation when 
S?' is being transported downstream in a groundwater 
consisting of M Na', lo4 M Ca2+, M Sr", 
4.5 X MCO;-, 1 . 1 1  X MC1-. Equilibrium 
constants of 0.66 for Sr2+ replacing Na+ and 0.66 for 
Ca2' replacing Na' were used. At x = 0, a solubility 
product for strontium carbonate was used to calculate 
the amount of Sr2+ and C0:- entering the groundwa- 
ter. For both the initial conditions and the boundary 
conditions, the kD as defined above is 450. Note that 
kD is unitless as defined here because both m and f i  
have been expressed in the same units of moles per liter 
of solution. The comparison is done on semilog pager, 
where differences between the exact solution and the 
numerical calculations are more evident. Again, the 
numerical model agrees well with the exact solution. 
The slight deviation of the numerical calculation from 
the analytical solution is due to the size of the finite 
grid spacing used. 

CHEMTRN has also been used to simulate a field 
test, described by Valocchi et al. (1981), in which 
treated municipal wastewater effluent was injected into 
a shallow aquifer in the Palo Alto (California) Baylands 
region. The principal chemical mechanism thought to 
govern transport here is ion exchange between Na', 
Ca2', and Mg". Field data used for this simulation 
were obtained from Valocchi et al. (1981). 

A simulation was done for the fluid arriving at well 
S23, 16 m from the injection site. The initial composi- 
tion of groundwater in this region consisted of 5700 
mg/L C1-, 1990 mg/L Na', 436 mg/L Mg", and 444 
mg/L Ca2+. The effluent water was injected at an 
average rate of 21 m3/h and had an average composi- 
tion of 320 mg/L C1-, 216 mg/L Na', 12 mg/L 
Mg2', and 85 mg/L Ca2+. As given by Valocchi et al. 
(1981), the aquifer thickness was taken to be 2 m, the 
solid matrix density 2500 g/L, the CEC 0.1 meq/g, 
and the porosity 25%. 

Figure 3 is a comparison of the field measurements of 
the exchanging ion, Ca2+, at well S23 and the simula- 
tion of these measurements using CHEMTFW. For this 
simulation, radial flow was assumed, with the fluid vel* 
city proportional to Q/(2?rb4r)); Q is the injection rate, 
and b is the aquifer thickness. The dispersion 
coefficient used, including the numerical dispersion, 
was about 1.3 v for this example. The selectivity 
coefficient used for the exchange reaction of Mg2+ 
replacing Na' was 0.57, and that for Ca2' replacing 
Na+ was 1.0. The results of the simulation are 
encouraging, given the assumption of one-dimensional 
flow with only longitudinal dispersivity. Additional 
data on the SO:-, HCO;, C032-, and H' ion concen- 
trations are necessary to assess the importance of com- 
plexation effects on the transport of Ca2+ and Mg2+. 

The last example here is a case where both precipita- 
tion and dissolution of solids are important. To illus- 
trate the capability of CHEMTRN in this respect, it 
was used to simulate precipitation when a Na+-rich 
solution flows into a one-dimensional column of porous 
medium that has Ca2+ sorbed on the solid. Initially, 
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Figure 2. Comparison of analytical solution and numerical 
solution using CHEMTRN for transport of a sorbing species. 
Analytical ,solution assumes a kD type of model for 
sorption. [XBL 8210-31321 
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Figure 3. Comparison of field test (Valocchi et al., 1981) 
with numerical simulation using CHEMTRN for exchanging 
ion Ca2+. [XBL 829-2434] 
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the fluid in the column consists of 1.5 X lo-, MCa2+,  
M Na', 6.6 X lo4 M C0,2-, a pH of 8, and 

enough C1- to balance the solution electrically. Then a 
solution that has a higher level of Na' (1.1 X M) 
is fed into the column. The Ca2' ion is displaced from 
the solid matrix. The conditions of the fluid were set so 
that the solubility product of CaC03(,) would be 
exceeded downstream from the boundary. The boun- 
dary condition maintained at x = 0 is a constant con- 
centration condition, although a flux boundary condi- 
tion could also be imposed. The dissociation of water 
and the formation of the complexes NaCO -, 
NaHCO:, NaO$, HCO;, H2CO?, CACO), 
CAHCO,', and CAOH' were included in the calcula- 
tion. Plotted in Fig. 4 is the amount of precipitate 
CACO,(,) that forms as the Na' flows into the column. 
As the time increases from 0.1 h to 10 h, more precipi- 
tate forms downstream. After 5 h, the level of Ca2' 
near the boundary starts to decrease and some of the 
precipitate begins to redissolve. We see that after 10 h, 
all the solid precipitate has redissolved at the first node 
point. 

No examples are given here, but the model 
CHEMTRN also includes a surface complexation model 
for sorption in which the sites on the solid matrix can 
dissociate to give a negatively charged site or can asso- 
ciate with a H' ion to give a positively charged site. 
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Figure 4. Precipitation of CaCO,,,, as function of time and 
- . - I  

position. [XBL 821(13131] 

With this type of model, the solid surface can sorb both 
cations and anions. In addition, an ion with a valence 
greater than 1 can form a complex with one site to give 
a charged site. This model is in contrast to the simpler 
ion exchange model, in which the charge of the surface 
does not change and an ion must displace an equal 
amount of charge when sorbing. The surface complexa- 
tion model must be used to simulate sorption on some 
surfaces. 

SUMMARY 
A flexible chemical transport model has been written. 

It includes many of the chemical mechanisms that are 
important in modeling the transport of chemical species 
away from nuclear waste repositories. It has been used 
to model precipitation, sorption via an ion exchange or 
surface complexation model, aqueous phase complexa- 
tion, and water dissociation. The small number of cal- 
culations done here illustrates the ability of the model. 
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INVESTIGATION OF SURFACE 
INTERACTIONS BETWEEN SILICATE 

ROCKS, MINERALS, AND GROUNDWATER 

A.F. White and J.M. Delany 

Over time intervals relevant to aqueous geochemical 
transport processes, rocks and minerals in aquifers can- 
not be considered as inert unreactive substrates. Most 
often specific mineral phases contained in bulk host 
rocks are in thermodynamic disequilibrium with 
groundwater chemistry. As a result, rock/water 
interactions may produce aquifer surfaces that are 
structurally and compositionally very different from the 
bulk host rock. These surfaces may have very different 
sorption characteristics. In addition, formation of such 
surfaces may control geochemical parameters in the 
aqueous solution by establishing equilibrium constraints 
on aqueous solubility. Hydrolysis reactions may limit 
available hydrogen ions in solution (pH), and 
oxidation-reduction reactions may influence dissolved 
oxygen and Eh of the aqueous system. The goal of the 
present research is to experimentally define the reaction 
mechanisms responsible for the development of surface 
chemistries associated with silicate minerals and rocks 
and to determine how these surfaces in turn influence 
chemical transport. 

INVESTIGATION OF SURFACE 

MINERALS 
One potential mechanism for chemical retardation in 

groundwater systems is retention of secondary phases 
that may coat aquifer surfaces. One such mechanism is 
the formation of Fe(OH)3 coatings on weathered iron- 
containing silicates. Such coatings could have very 
large surface areas and are capable of sorbing chemical 
species as well as coprecipitating them within the 
hydroxide structure. 

Long-term open system weathering experiments, such 
as those previously described by White and Perry 
(1982), were conducted both at low (< 0.1 ppm) and 
high (8.0 ppm) dissolved oxygen conditions. Figure 1 
shows that the amount of Cs sorbed onto the iron sili- 
cate surfaces from spiked aqueous solutions increased 
only slightly during 9 months of weathering. Much 
greater increases in Cs sorption can be expected, 

CHEMISTRY OF IRON-CONTAINING 
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Figure 1. Changes in cesium sorption on biotite and horn- 
blende with time for high and low dissolved oxygen 
solutions. [XBL 8210-25341 

particularly under oxidizing conditions, if extensive 
Fe( OH)3 surface layers formed during the weathering 
process, as postulated by previous workers (Siever and 
Woodford, 1979). Their conclusions were based princi- 
pally on the observation that the coexisting aqueous 
solutions became rapidly saturated with respect to 
Fe(OH)3 and therefore presumably precipitated out as 
the hydroxide phase. 

To confirm whether such hydroxide layers of iron 
(and also possibly aluminum) do form as coatings under 
simulated aquifer conditions, surface chemical composi- 
tions and profiles were compared for fresh and reacted 
minerals. 

The method used included XPS and Auger spectros- 
copy, the applications of which were described by 
White and Perry (1982). Figure 2 shows the relative 
ratios of Fe/Si obtained by using XPS to analyze the 
surface layers (-20 A) of hornblende and biotite 
reacted under high and low D.O. As indicated, their 
ratios generally show only a slight increase with reac- 
tion time. This general lack of buildup of Fe on the 
surfaces of silicates during weathering indicates that 
hydroxides are not precipitating as homogeneous coat- 
ings on the mineral surfaces. 
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Figure 2. XPS data showing the ratio of iron to silica on 
biotite and hornblende reacted in high (8.5 ppm) and low 
(< 0.1 ppm) dissolved oxygen solutions as a function of 
time. [XBL 8210-25331 

In addition to characterization of the surface layer 
(top 20 A) of iron-containing silicates, individual 
cleavage surfaces were also depth profiled using a com- 
bination of argon splJttering and Auger spectroscopy to 
document chemical distributions with depth beneath the 
surface. Figure 3 shows the atomic percent composition 
as a function of depth in unreacted biotite and in 
biotite reacted both under high and low D.O. condi- 
tions. The total depth relative to the sputtering time is 
approximately 100 A The most striking feature of the 
profiles is their remarkable similarity in elemental dis- 
tributions, suggesting that the aqueous weathering over 
the experimental time period ( 9  months) has virtually 
no effect on the bulk near-surface compositions. The 
profiles indicate that both aluminum and iron in biotite 
are actually depleted near the surface. The buildup of 
iron beneath this surface layer suggests a redistribution 
away from the surface through solid-state diffusion. 
As has been previously documented for micas ( E n  

and Chemency, 1981), significant increases in dissolved 
species (indicating incongruent dissolution) do occur in 
the coexisting aqueous solutions during the weathering 
experiments. The observation that the basal crystallo- 
graphic plane of biotite undergoes virtually no composi- 
tional change (as shown by the profile in Fig. 3) indi- 
cates that reaction and dissolution must occur at defect 
or edge sites on the biotite. The fact that the bulk sur- 
faces of the iron-containing minerals investigated are 
not reactive may be the reason why they do not become 

12.5 I I 1 I ! I , 

10.0 - 
c 

L 

5 z 5 y  

E -  o 
.- 
5 5.0- z 

4 

2.5 - 

0 0  ; 4 ; b Ib I; Ib 
Sputter time (min,) 

10.0 

c 

; 7.5 
al 
o 
n 

E 
o 5.0 
._ 

t 

2.5 

‘ 0  2 4 6 8 IO 12 14 
Sputter time (min.) 

10.0 

0 ’ ;  ; 4 I!. Ib 1; I b ’  

I 

Sputtertime (min.) 

Figure 3. Auger depth profile of elemental concentrations in 
the surface layer of unreacted biotite and biotite reacted for 
a month in high (8.5 ppm) and low (< 0.1 ppm) dissolved 
oxygen solutions. [XBL 834-9419] 

coated with insoluble hydroxide phases. The release of 
Fe and Al from minerals occurs at specific defect sites. 
Once released into the aqueous double layer interfacing 
the solid surface, the Fe and Al may then form an inso- 
luble hydroxide that precipitates at concentrations of 
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such defect sit 5, r th Fe and Al may b transported 
into the bulk aqueous solution to nucleate as discrete 
hydroxide phases. In either case, the mineral surfaces 
themselves do not become quickly coated with one or 
more monolayers of Fe(OH)3 or Al(OH)3, which could 
rapidly increase their sorption and coprecipitation capa- 
city. 

ASSESSING THE POTENTIAL FOR 
INCORPORATING TRACE ELEMENTS IN 
THE SURFACE STRUCTURES OF 
SILICATE MINERALS UNDER AQUIFER 
CONDITIONS 

Aside from reversible ion exchange on surface sites 
of silicates, a potential exists for chemical species such 
as radionuclides and heavy metals to be permanently 
immobilized by structural incorporation into the near- 
surface layers of minerals by chemical reaction and/or 
solid-state diffusion. Many examples of apparently non- 
reversible ion exchange involving & measurements 
exist in the literature (Relyea et al., 1978), and at least 
some of these anomalies may be due to such mechan- 
isms. 

One example of such nonequilibrium sorption 
processes occurred during the long-term open system 
weathering experiments, as shown in Fig. 4 by the con- 
tinual uptake of Cs by obsidian over a 9-month period. 
Data for Cs on K-feldspar and plagioclase feldspar, also 
shown in Fig. 4, display generally steady-state cesium 
sorption. Figure 5 ,  which shows the X P S  peak for Cs 
in the obsidian, indicates that substantial amounts of 
Cs are found in the top 20 ft of the obsidian surface. 
Interestingly, no Cs was detected in the feldspar sur- 
faces. The Cs uptake is attributed to solid-state 
interdiffusion in the hydrated surface layer of the glass. 
Much smaller solid-state diffusion coefficients measured 
for crystalline silicates, including feldspars, explain the 
observation that no Cs uptake occurs for plagioclase and 
K-feldspar. 

0 = Microcline 
0 = Plagioclase 
A = Obsidian 

0 I 2 

Time, 10'7s 

Figure 4. Changes in cesium sorption on K-feldspar, pla- 
gioclase feldspar, and obisidian as a function of time. [XBL 
834- 1 691 

6 I I 
Obsidian 

I I I I I I I 

Binding energy, eV 

Figure 5. XPS spectra for cesium in the surface layer of 
obsidian. Curve A: obsidian reacted for 9 months. Curve 
B: 6 months. Curve C: 2 weeks. [XBL 834-1703 

114 



INVESTIGATION OF OXIDATION 
REDUCTION MEASUREMENTS AND 
CONTROLS IN AQUIFER CONDITIONS 

The oxidation-reduction potentials of groundwater 
trace metals are important in controlling the mobility of 
a number of trace metals and radionuclides. One of the 
goals of this program is to investigate how various aque- 
ous redox couples involving rock/water interactions con- 
trol the overall oxidation-reduction potential of a 
groundwater. The approach to date has been to follow 
the redox potentials of closed system rock/water reac- 
tions in which the dissolved oxygen and pH were ini- 
tially defined by saturated air conditions. The redox 
(determined by Pt electrode), the concentrations of 
Fe2+/Fe3+, and the D.O. were measured simultane- 

These results were compared and interpreted using 
the chemical speciation code WATEQF, which permits 
calculation of redox potential using individual input 
parameters measured in the experiments. Figure 6 
shows output results in which the calculated Eh based 
on the Fe2+/Fe3+ redox couple and the measured D.O. 
are compared to Eh measured directly by Pt electrode. 
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Figure 6. Eh-Ph stability fields for iron speciation with 
superimposed Eh values calculated for rock/water interac- 
tions. [XBL 8210-25161 

The Pt electrode Eh measurements are considerably 
lower than those calculated either by D.O. or the 
Fe2+/Fe3+ couple. As pointed out by Whitfield (1974) 
and others, the Pt electrode response in relatively 
poorly buffered systems relates to oxidation reactions at 
the electrode surface, such as 

Pt + 0 2  + 2H20 -+ PtOz * 2H20 , (1) 

rather than to redox couples in aqueous solution. The 
upper Eh limit observed by the direct Eh measurements 
appears to correspond to the above reaction. Although 
the Eh computed from D.O. measurements and from 
the Fe2+/Fe3+ couple are similar, only the D.O. meas- 
urements show a response to pH that relates to the sta- 
bility limit of water, i.e., 

2H20- O2 + 4 H i  + 4e- . (2) 

In contrast, the Eh calculated from the iron couple 
plots on a line univariant with respect to pH and falls 
on the metastability boundary between Fe2+ and Fe3+. 
This nonequilibrium condition with respect to the reac- 
tion 

3H20 + Fe2+ = Fe(OH)3 + 3H' + e- (3) 

is the result of the significant supersaturation of aque- 
ous Fe3+ relative to solid Fe(OH)3. Thus the rate of 
reaction of iron-containing minerals must be sufficient 
to account for the discrepancy observed between Eh 
computed from D.O. and from the Fe2+/Fe3+ couple. 
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GEOLOGIC SYSTEIW AS ANAIDGS FOR 
LONGTERM RADIOACTIVE WASTE 

ISOLATION 

H. A. Wollenberg, S.  Flexser, D. G. Brookins, * 
M. Abashian.* L H .  Cohen,? and A.E. Williamt 

The ability of host rocks in the near-field repository 
environment to retain radionuclides and to inhibit their 
transport into and through the groundwater system is an 
important consideration in nuclear waste isolation. 
During fiscal 1982, three natural occurrences in rock 
types considered likely candidates for repository hosts 
in the United States-tuff, basalt, and bedded salt- 
were investigated with respect to their ability to retain 
radionuclides and inhibit their transport. 

Activities in fiscal 1982 emphasized investigation of 
the effects of a monzonitic intrusive into tuffaceous ter- 
rane, and samples were also collected and preliminary 
analyses made of contact zones between a dike in bed- 
ded salt and felsic dikes in basalt of the Columbia 
River plateau. 

TUFF 
The presence of strong hydrothermal circulation in 

tuffaceous rock in response to the intrusion of the 
Alamosa River Stock near Platoro, Colorado, was evi- 
dent from oxygen isotope ratios measured by Williams 
(1980) on samples collected over a broad region. On 
the basis of this evidence, we have investigated the con- 
tact zone and areas away from the contact between the 
stock and the La Jara Member of the Treasure Moun- 

*Department of Geology. University of New Mexico, Albuquerque, New Mex- 

'Department of Geology and Geophysics, University of California, Riverside, 
ia,  87106. 

California 92502. 

Whi tfield, M., 1974. Thermodynamic limitations on 
the use of the platinum electrode in Eh measure 
ments. Limnology and Oceanography, v. 19, 
p. 857-865. 

tain Tuff, primarily to determine if there was movement 
of radioelements and fission-product-analog trace ele- 
ments from the monzonite into the tuff, or within the 
tuff, in response to circulation in this hydrothermal sys- 
tem (Brookins et al., 1982). A roughly concentric 
aureole of 6l80 depletion was noted by Williams around 
the south and east margins of the stock, with depletion 
enhanced along two major faults, attesting to the impr-  
tance of fracture permeability in the circulation of this 
system. Temperatures of hydrothermal systems were 
estimated to be in the range 250-370OC. 

To study the distribution of radioelements and trace 
elements in the vicinity of the Alamosa River Stock, 
samples were collected at several locations, as shown in 
Fig. 1. In addition to regional traverses in the tuff and 
in the andesite away from the stock, a detailed traverse 
was made across the intrusive-tuff contact. 

Figure 2 shows the results of neutron activation ana- 
lyses of trace elements in samples of monzonite and tuff 
from the meter-scale traverse across the contact at Tel- 
luride Mountain. Strong contrasts between monzonite 
and tuff are evident, with higher contents of Cs, Rb, 
Sc, V, Fe, Th, U, and Co in the monzonite. On the 
10-m scale of sampling, there are suggestions of gra- 
dients in Cs, Th, and Co in the tuff, with abundances 
of these elements increasing toward the contact. More 
detailed sampling is required to confirm the presence of 
definite gradients in the contact zone-possible indica- 
tors of element migration. 

On a broader scale, analyses of samples from the 
Conejos River traverse, extending several kilometers 
from the contact, indicate that there are no apparent 
chemical gradients to match the regional gradients in 
whole-rock 6l80 in the La Jara tuff. 

With regard to the Platoro occurrence, the following 
conclusions are suggested. 

1. The oxygen isotope studies show the effect of 
extensive hydrothermal activity on the intruded rocks, 
as well as the host tuffaceous and flow rocks. 
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Figure 1. Simplified geologic map, showing location of samples and traverses near Platoro, Colorado. [XBL 
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Figure 2. 
and tuff, Telluride Mountain traverse. 

Variation in element contents between monzonite 
[XBL 828-2325] 

2. Convective cooling has been demonstrated by Wil- 
liams (1980) for the Alamosa River Stock. 

3. The distribution of U, Th, rare earth elements, V, 
K, and Ti in each rock is apparently unaffected by the 
intrusion. This is true also for Rb, Sr, and other ele- 
ments, although for some of these there is no strong 
chemical gradient between the rocks. 

4. Some elements show evidence for contact zone 
mobility within 10 m of the contact. 

5. Both the monzonite and tuff have retained their 
bulk chemistry during and after intrusion. 

6. The absence of elemental migration between the 
tuff and monzonite, even in a convective system, s u p  
ports continued assessment of such rocks for nuclear 
waste repository consideration. 

BASALT 
Sites were identified in the Pacific Northwest, where 

intrusive rocks cut basalt of the Columbia River Pla- 
teau. A quarry on the East Fork of the Hood River, 
Oregon, provides excellent exposures of a rhyodacite 
dike cutting basalt of the Frenchman Springs Member 
of the Wanapum Formation. The distribution of 
uranium and thorium contents in samples from this 
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quarry is plotted in Fig. 3. The contrast in U and Th 
between the dike and the basalt is evident, and on a 
whole-rock hand-sample scale the gamma spectral data 
indicate that there has been no appreciable migration of 
U or Th from the dike into the basalt. More detailed 
examination of fracture orientation as well as analyses 
of fracture-surface and fracture-filling material by neu- 
tron activation and radiographic methods may indicate 
whether radioelements moved preferentially through the 
basalt’s fracture system during or after intrusion of the 
dike. 
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SALT 
A dike that intrudes a salt bed might provide a situa- 

tion analogous to a repository in bedded salt. Such 
intrusions occur in the Delaware Basin salt beds of 
southeastern New Mexico, in salt beds of the Salina 
Basin in northwestern New York, and in salt beds of 
the Zechstein in West Germany. 

Uranium 

BASALT 

0 0 .  
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Figure 3. 
dike and basalt at a quarry on the East Fork of the Hood 
River, Oregon. Error bars on ordinates indicate standard 
deviations for samples of the two rock types. [XBL 828- 
23281 

Variation of uranium and thorium in a rhyodacite . 

Kalibergwerke Mine, West Germany 

From the Kalibergwerke Mine in the Zechstein, we 
were fortunate to obtain a set of samples of basaltic 
dike rock and adjacent bedded salt. The basaltic dike 
rock, of Miocene age, intrudes potash and salt horizons 
of the Werra Series of the Zechstein (R. Kiihn, private 
communication, 1981). In addition to samples of the 
dike, salt samples were collected of material as pure as 
could be obtained; one sample, judging by its 13.5% 
potassium content, is of polyhalite. Table 1 shows the 
results of preliminary gamma spectrometric measure- 
ments; the salt samples were taken from the dike con- 
tact out to a distance of 1.2 m. These results indicate 
that the dike has appreciable radioelement content. In 
contrast, the radioelement content of the salt is below 
the sensitivity of the gamma measurements, with the 
exception of the sample that was taken 45 cm from the 
dike and which contains some organic material. 

Table 1. Whole-rock laboratory gamma spec- 
trometric analyses, Kalibergwerke 
Mine, West Germany. 

U Th K 
Sample (PPm) ( ”/.) 

Mafic dike rock 2.10 7.60 2.40 
Salt, faint dark 

layers at  dike 
contact - - 0.22 

- 0.09 
Salt -15 cm from 

Salt, -45 cm 

dike - 

from dike; some 
organic material 0.002 - 0.40 

- 0.21 from dike - 

polyhalite 0.13 - 13.50 

Salt, -1.2 m 

Salt, most likely 

Cayuga Mine, New York 
Samples were also obtained of a kimberlitic dike and 

adjacent salt from the Cayuga Mine of the Cargill 
Company, near Ithaca, New York. Described by 
Broughton (1950), the salt bed at Cayuga, ranging from 
5 ft or less to more than 60 ft in thickness, belongs to 
the Syracuse Salt Formation of the Upper Silurian 
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Salina Group. As exposed in workings at a depth of 
-700 m, the dike rock is a greenish-gray kimberlite 
with prominent olivine phenocrysts altered almost com- 
pletely to serpentine. The dike is extremely brecciated 
in places and varies in width from a few inches to 
several feet over short distances. The dike breccia is 
intimately intruded by the salt, and where this has 
occurred the salt is reddish in color in contrast to its 
normal whitish-gray. No macroscopic effects are 
apparent in the salt at its contact with the dike. 

Table 2 gives preliminary laboratory whole-rock 
gamma spectrometric analyses of radioelements in 
Cayuga Mine samples obtained from dike and salt 
exposed in workings on the 230CLft level. As with the 
Kalibergwerke samples, uranium and thorium in the 
salt are below detection limits of this method. Potas- 
sium contents of the salt are significantly lower than at 
Kalibergwerke, attesting to the relative purity of the 
Cayuga salt, which has no adjacent potash beds. 

Table 2. Whole-rock laboratory gamma spec- 
trometric analyses, Cayuga Mine, New 
York. 

Kimberlite dike, 
center material 1.89 12.57 1.49 

Kimberlite dike 1.51 11.70 1.07 
Salt, at contact 

Salt, 0.3 m east 

Salt, 1.5 m east 

Dike containing 

0.01 1 - - with dike 

0.01 1 of contact - - 

of contact - - 0.013 

salt vein 1.54 9.52 1.09 

A pillar face containing good exposures of the dike 
and a continuous expanse of salt was sampled in greater 
detail. The samples are being examined petrographi- 
cally and analyzed for radioelement content by gamma 
spectrometry. Selected samples will be analyzed for 
trace elements by neutron activation and will be 
prepared for identification of fluid inclusions and ana- 
lyses of their contents. 

SUMMARY 
Detailed examinations of intrusive contacts in 

tuffaceous rock indicate that radioelements and fission- 
product-analog elements have apparently not migrated 
from the intrusives into or through the country rock, 
nor is there appreciable evidence for redistribution of 
these elements in the country rock in response to con- 
vective or conductive thermal events associated with the 
intrusives. Preliminary gamma spectral analyses of 
samples from contact zones between dikes and Colum- 
bia River Plateau basalt and bedded salt also suggest 
the absence of radioelement migration or redistribution. 
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ANALYTICAL PERFORMANCE MODELS 
FOR GEOLOGIC REPOSITORIES 

CONTAINING RADIOACIlVE WASTE 

T.H. Pigford, P.L. Chambri. A. Fujita, 
T. Kanki, H. Lung, Y .  Sato, D.K. Ting, 

and S.J. Zavoshy 

This research is concerned with the development of 
analytical models to predict the long-term migration 
and release of radionuclides from radioactive waste in 
geologic repositories. The work reported here deals 
with the following topics: (1) one-dimensional tran- 
sport of radionuclide chains, (2) transport of radionu- 
clide chains in two-dimensional flow fields, (3) tran- 
sport of radionuclide chains with different species of 
each radionuclide, (4) effect of solubility limits on the 
migration of a radionuclide chain, and ( 5 )  dissolution 
of solid waste as limited by diffusion and convection in 
groundwater. 

ONE-DIMENSIONAL TRANSPORT OF 
RADIONUCLIDE CHAINS 

In earlier reports (Harada et al., 1980; Pigford et al., 
1980), we have developed the exact analytical solutions 
of the transport equations that predict the ‘far-field con- 
centrations of radionuclides in groundwater. The solu- 
tions apply to a radionuclide chain of any length, and 
solutions are given for local sorptive I equilibrium 
between the groundwater and the solid and also for 
specified rate processes in nonequilibrium transport. 
The solutions for one-dimensional equilibrium transport 
have been adopted as the benchmark equations for the 
international INTRACOIN project to benchmark and 
validate various computational techniques for predicting 
radionuclide migration. Eighty-six benchmark cases 
were calculated from our codes UCB-NE-10.2, UCB- 
NE-25, and UCB-NE-30. The second international 
INTR4COIN workshop was held at Berkeley in 1982. 

TRANSPORT OF RADIONUCLIDE 
CHAINS IN TWO-DIMENSIONAL FLOW 
FIELDS 

To illustrate the method of Chambre (1981) for cal- 
culating the space-time-dependent concentration of 
radionuclide chains transported advectively in a two- 
dimensional flow field without dispersion, the analytical 

technique has been applied to a hypothetical geologic 
repository in the basaltic rock at Hanford, Washington. 
Contributions from nuclide decay chains of one to six 
members in length are calculated using the two- 
dimensional advective transport code UCBNl32 1 (Pig- 
ford et al., 1980; Ting et al., 1981). The two- 
dimensional flow field shown in Fig. 1 was derived from 
hydrologic data (Rockwell, 1979). Assumed repository 
locations are R1,2 under the Ringold aquifer and S1,2 
under the Saddle Mountain aquifer. A waste dissolu- 
tion time of lo4 years was assumed, and contaminated 
water from the repository was assumed to discharge 
directly into the aquifer. The contaminated region for 
nonsorbing iodine-129 at a time of lo4 years after the 
beginning of dissolution is shown in Fig. 1. 

An important feature of this method is that it pro- 
vides a prediction of the time-dependent discharges into 
the Columbia River due to the transport along the many 
different streamlines that can carry radionuclides from 
the repository to the river. To illustrate, we assume one 
curie of iodine-129 initially in the repository, we calcu- 
late the time-dependent rate of discharge of iodine-1 29 
to the Columbia River, and we divide this discharge 
rate by the “maximum permissible concentration” 
(MPC) of iodine-129 to obtain an estimate of the river 
flow rate that would result in an MPC concentration in 
the river. The results, for repository location R2 and 
for assumed waste dissolution times of lo4, IO5, and IO6 
years, are shown in Fig. 2. These hydrologic data lead 
to an estimated earliest water travel time of 1.2 X lo4 
years from repository R2 to the river, neglecting the 

3.24 E+04 

2 60 E+04 

+04 
I .39 E+04 2.77E+04 

X-coordinate (meters) 

Figure 1. Iodine129 contaminated region in Ringold 
aquifer (repository input position R2) after IO4 years. Poten- 
tials are in meters above mean sea level. [XBL 834-1485] 
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Figure 2. Iodine-129 discharge rate/MPC (water dilution 
rate) at Columbia River, discharging from Ringold aquifer 
(repository input position R2) for leach times of 1 0 4 ,  lo5, 
and lo6 years (basis: 1 Ci of initial iodine-129). [XBL 
834-1488] 

additional time delays for upward flow from the reposi- 
tory. When the waste dissolution time is the same or 
less than the water travel time, the details of the 
different flow paths must be considered for careful esti- 
mates of the discharges to surface water. The correc- 
tions are even more important for a radionuclide whose 
half-life is about equal to the product of the water 
travel time and the sorption retardation constant for the 
radionuclide. 

TRANSPORT OF RADIONUCLIDE 
CHAINS WITH DIFFERENT CHEMICAL 
SPECIES OF EACH RADIONUCLIDE 

Some of the radioactive elements, particularly the 
actinides, can exist simultaneously as two or more 
different chemical compounds in the groundwater, and 
the different species of an element, e.g., Np4+ and 
N e 2 + ,  can have quite different equilibrium constants 
for sorption and retardation. In an earlier report (Pig- 
ford et al., 1980), we have shown that for local chemi- 
cal equilibrium between species the general equations 
for advective transport of a single species of each 
radionuclide in the chain can be transformed to apply 
to any number of equilibrium species. Those results 
have now been further extended to include nonequili- 
brium between species, assuming first-order reactions 
between species. The details of this new analysis 
appear in our recent research report (Chambre et al., 
1982a). 

The resulting concentration profiles calculated from 
this analysis are illustrated in Fig. 3 for the decay 
chain 237Np -, 233U, with assumed chemical species (1) 
and (2) for each radionuclide. The assumed retardation 
coefficients and rate coefficients are given in the figure 
caption, where the subscripts 1 and 2 denote Np and U, 
respectively; the subscripts f and s denote the fluid and 
solid phases, respectively; and the superscripts denote 
species numbers. A twedigit superscript such as 12 
denotes the first-order rate constant for species 1 to 
transform to species 2. 

Also shown in Fig. 3 are the concentration profiles 
calculated for local species equilibrium, with equili- 
brium constants calculated from ratios of the rate con- 
stants. At nonequilibrium each nuclide travels as a 
chromatographic band in which the species of that 
nuclide are in constant ratio to each other, as has been 
discussed previously (Pigford et al., 1980). Without 
local equilibrium the bands for the two species can 
separate and the bands for some species and for the 

I I 

I IO 

Distance, km 

Figure 3. Effects of nonequilibrium chemical reactions on 
the concentration profile of the two-species nuclide chain 
237Np -+ with assumed physicochemical parameters 
K :  = 10,000, Kf = 100 Kf = 15,000, K; = 1500, 
k): = lO-'/year, kf2; = lO"/year, k)? = lO-"/year, 
k/2: = 5 X 10-5/year, k:: = lO-'/year, k:; = 
104/year, k,\* = 1O4/year, k:j' = 5X104/year. [XBL 
834-1489] 
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radionuclide can broaden considerably, as may be seen 
from Fig. 3 (Kanki et al., 1981, 1982a,b). 

Lack of rate data presently limits the applicability of 
this analysis to predictions of repository performance. 
However, these and other nonequilibrium phenomena 
(Pigford et al., 1980) may appear in in situ experiments 
for radionuclide transport and should be considered in 
interpreting the field data. 

EFFECT OF SOLUBILITY LIMITS ON THE 
MIGRATION OF A RADIONUCLIDE 
CHAIN 

We have presented earlier (Pigford et al., 1980; 
Iwamoto et al., 1981) the analytical solutions for the 
hydrogeologic transport of a radionuclide with limited 
solubility in groundwater, assuming that the dissolved 
species is transported rapidly from the waste surface 
into the flowing groundwater and that the radionuclide 
is released more rapidly from dissolving waste than it 
can be transported by flowing groundwater. We have 
now generalized that analysis to predict the space-time- 
dependent concentrations of the daughter nuclides in a 
multimember decay chain, with the mother nuclide 
exhibiting this type of solubility-limited dissolution. 
The results are presented by Sat0 et al. (1982). 

A typical example of the effects of uranium solubility 
limits on the concentration of radium-226 for the decay 
chain 234U + 23% -+ 226Ra is shown in Fig. 4. The 
concentration of radium-226-relative to concentration 
Nf of uranium-234 that would occur near the waste if 
there were no solubility limit, calculated for a distance 
of 100 m away from the plane of emplacement-is plot- 
ted against time since the beginning of dissolution. A 
dissolution time T of IO4 years for the waste matrix is 
assumed. The quantity t* is the time calculated for all 
of the uranium precipitate to dissolve. Curves of 
radium-226 concentration are given for various values 
of the assumed uranium solubility ratio N;/Nf. A 
comparison of the radium-226 concentration with that 
having no solubility limit reveals that, during the time 
interval before all the waste matrix has dissolved, the 
effect of a solubility limit is to reduce the concentration 
of radium-226. At longer times, the4ffect of decreas- 
ing uranium solubility is to increase the concentration 
of radium-226. The concentration of radium-226 at a 
given position is maximal at these longer times, because 
of the long time required to build up the thorium-230 
precursor of radium-226. Thus the practical effect of 
the uranium solubility limit is to increase the peak con- 
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Figure 4. Effect of solubility limit of 234U on the change of 
concentration of 226Ra for the decay chain 234U + 23% + 

226Ra at water travel time and 10 years in groundwater. ( T  
= 10,000 years, v = 10 m/year, Kv = 50, K,,, = 5000, KRa 
= 500.) [XBL 826-5942] 

centrations of radium. Physically, this occurs because 
the less soluble uranium forms a precipitate adjacent to 
the waste, and the dissolution and transport of the 
greater amount of thorium-230 formed in the waste 
results in the greater concentrations of radium-226 at 
the 100-m distance assumed here. 

The temporal maximum radium-226 concentration at 
each distance is plotted in Fig. 5 against water travel 
time, i.e., the distance divided by the average pore 
velocity of groundwater. For water travel times up to 
100 years, decreasing the uranium solubility increases 
the peak radium-226 concentration. At greater water 
travel times, decreasing the uranium solubility 
decreases the peak radium-226 concentration. The rea- 
son is that for such long water travel times and for the 
retardation coefficients assumed here, thorium-230 
formed in the waste cannot survive in transport 
sufficiently to contribute much to the peak radium con- 
centrations. These far-field radium concentrations are 
due mainly to the creation of thorium-230 and radium- 
226 from the decay of uranium-234 as it undergoes 
advective transport. 
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Figure 5. Effect of solubility limit of 234U on the maximum 
concentration of 226Ra for the decay chain 234U -, 23Drh -. 
22aRa in groundwater. ( T  = 10,OOO years, v = 10 m/year, 
K, = 50, & = 5O00, KRa = 500.)  [XBL 82659431 

DISSOLUTION OF SOLID WASTE AS 
LIMITED BY DIFFUSION AND 
CONVECTION IN GROUNDWATER 

The solubility-limited radionuclide sources as con- 
sidered above are important corrections to hydrogeob 
gic transport of many important radionuclides: How- 
ever, the assumption that all groundwater flowing 
through the repository reaches the solubility limit is 
unrealistic. This has been the basic assumption of all 
previous estimates of solubility-limited radionuclide 
transport (Wood, 1980; Wood and Rai, 1980). But the 
finite rates of diffusion and convection of dissolved 
radionuclides away from the precipitate layer at the 
waste-form surface will result in a large concentration 
gradient in the groundwater near the surface. Chambrk 
et al. (1981, 1982a,b) have developed the space-time- 
dependent solution for radionuclides in the groundwa- 
ter, subject to the boundary condition that the concen- 
tration in the liquid at the waste-form surface is at  the 
maximum concentration given by the solubility limit, 
This assumption was suggested from the laboratory 
experiments by Rai and Strickert ( 1980), who observed 

that the equilibrium concentrations of low-solubility 
actinides in static leachant in contact with borosilicate 
glass were equal to the solubilities of the stable com- 
pounds of those species in the leachant, and by the 
many observations of actinides and other low-solubility 
constituents in precipitates formed on borosilicate-glass 
surfaces during laboratory leaching experiments. 

These analyses predict that many of these surface 
precipitates would take millions of years to dissolve. 
During this time period a quasi-steady-state rate of dis- 
solution will obtain, and the results of the steady-state 
analysis are summarized here. The transient analysis is 
important to estimate the time for this steady-state con- 
dition to be reached. 

We show from this analysis that the rates of dissolu- 
tion of many important radionuclides in a repository are 
likely to be limited by the slow rate of diffusion- 
convection from the waste-form surface and not by the 
rate of chemical reaction of the waste-form material 
with groundwater. For such waste constituents the dis- 
solution rates measured in laboratory leaching experi- 
ments are not applicable to predicting the rates of disso- 
lution of these constituents in a repository. 

DISSOLUTION RATE CONTROLLED BY 
DIFFUSION AND CONVECTION 

The diffusion-and-flow calculation makes use of the 
known distribution of groundwater velocities around a 
semi-infinite cylinder through the pores of the surround- 
ing rock, called “Darcy flow.” The velocity distribution 
is mathematically equivalent to the “potential flow” of 
theoretical hydrodynamics. The rate of diffusion 
through such a fluid is assumed to be represented by 
Fick‘s Law. The diffusion coefficient inside the rock 
pores is chosen to be equal to that in a free liquid, and 
the tortuosity of the pores is conservatively disregarded. 

The maximum fractional dissolution rate fj of the 
elemental species j ,  and of its isotopes, is calculated at 
steady state to be 

~ C N ; + ( D ~ U ) ’ / ~ ( ~  + R / L )  UR 
- > 4, (1) ( ~ r R ) ~ / ~ n ~  ’ Dj f j  = 

where A$’ is the solubility-limited concentration in the 
groundwater, Dj is the liquid diffusion coefficient, L is 
the length of the waste cylinder, R is its diameter, U is 
the pore velocity of the groundwater before it comes 
near the waste, c is the porosity of the surrounding 
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rock, and nj is the bulk density (g/cm3) of elemental 
species j in the waste. 

Table 1 gives values of the solubility of silica and the 
solubilities in water of radioelements in borosilicate 
glass. The solubilities are those estimated by 
Krauskopf (see Pigford et al., 1983) for the stable com- 
pounds of the elements in typical groundwater. Also 
listed in Table 1 are the bulk densities and the calcu- 
lated fractional release rates for a typical waste form of 
glass exposed to groundwater at an approach velocity of 
1 m/year in a rock of 1% equivalent porosity. The 
assumed diffusion coeficient of cm2/s is typical 
for an electrolyte in water. It conservatively neglects 
the effect of tortuosity (Neretnieks, 1980), which in 
granite can result in more than a 1000-fold reduction in 
D (Bradbury et al., 1982) and can result in more than a 
30-fold reduction in the estimated fractional dissolution 
rates. 

Dissolution Rate Controlled by Diffusion 

When the conditions are such that U R / D j  is much 
less than four, Eq. (1) must be replaced by an equation 
developed for a finite waste package in the limiting case 
of zero velocity (Chambrk, 1982a,b). The finite waste 
cylinder is approximated by a prolate spheroid of radius 

b, length 2a, and focal distancef. The spheroidal sur- 
face is described by the surface of constant a, where 

a = f cosh a, b = f sinh a, ( 2) 

The steady-state fractional release of constituent j is 
given by 

where ,!3 is a geometrical factor that can be calculated 
from the waste-form dimensions. For a sphere, 
p = 3/R2; for a prolate spheroid, 

( 4) 
3e 

= ab21n[coth(a/2)] ' 

where e is the eccentricity of the slender prolate ellip 
soid. For a spheroid that approximates the cylindrical 
waste form of dimensions given in Table 1, /3 = 37/m2. 

Using the properties listed in Table 1, the limiting 
low-velocity fractional release rate for SO, at 25°C is 
calculated to be 8.7 X /year at steady state, about 
a fourth the release rate calculated at 1 m/year. 

Table 1. Calculated and observed fractional release rates for borosilicate waste glassa 

Initial waste 
concentration Solubility 

Constituent (g/cm3) (g/cm3) 

Si O2 1.62 1.2 x lo4 
Tc 1.92 x 10-3 1 x 10-~ 
U 1.22 x 2 x 10-~  e 

NP 1.92 x 10-~ 1 x lo-" e 

Pu 1.15 X lo4 1 x 10-~ e 

Am 3.56 X 10"' 1 x 10-l0 e 

Fractional release rate (L/yr) 

Calculated' Observedd 

3.4 x 10" 1.6 x 10-~  
2 x 
8 X 1.5 X 10" 
2 x 10-l0 6.6 X lo4 

1 x lo-* 2.7 X lo4 
4 x io-' 2.6 x 10-~ 

aConditions assumed for theoretical computations: radius of cylinder = 0.125 m; length of cylinder = 2.46 m; 
diffusivity of all substances in water = cm2/s; porosity of rock = 0.01; groundwater velocity = 1 m/yr; density 
of glass = 2.3 g/cm3; quantities of fission products and actinide oxides in waste initially are those from 460 kg of 
uranium fuel. Temp. = 25°C. 
For amorphous silica (Seidell, 1965). 

CThe calculation assumes that the groundwater is free of all the substances listed. Calculated from Eq. (1). 
dBased upon data of McVay et al. (1981). Original data are adjusted for the surface area of the canister on the 

assumption that release rates are proportional to surface area exposed. The data were obtained in IAEA static leach 
tests. 

CRecommended by Krauskopf (see Pigford et al., 1983) at 25°C for mildly reducing conditions (Eh = -0.1 to 
-0.2 v). 
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Measurements of the product Dj for nonsorbing 
species in granite indicate values about 100-fold less 
than those used in the present calculation (Skagius and 
Neretnieks, 1982). 

t 
L 

c 

Comparison with Laboratory Leach Data 

Table 1 gives values of the fractional release rates for 
silica and for various radioactive elements, calculated 
from experimental values of leach rates reported from 
laboratory experiments. Note that for substances hav- 
ing limited solubility the values of fj computed from 
Eq. (1) are smaller than several values derived from the 
laboratory leach tests. One must conclude, therefore, 
that for slightly soluble species in waste that has been 
embedded in a repository rock and is surrounded by 
Darcy flow the slow diffusion and slow movement of the 
liquid around the waste containers may be more 
significant in controlling the net rate of dissolution than 
the rate at which the substances inside the waste 
material reach the surface of the waste form. If the 
solubility is very small, the rate of escape into ground- 
water will be determined primarily by the properties of 
the porous rock and the velocity of groundwater; if the 
solubility is sufficiently large, the kinetics of the 
interaction between the solid waste constituents and 
water may dominate. 

Time to Reach Steady State 

The time to reach the steady-state conditions is 
important. For a nonsorbing species whose decay dur- 
ing movement through the concentration boundary layer 
can be neglected, the “equilibration time” t, for the 
release rate to come within 1% of the steady-state 
diffusion-controlled rate of Eq. (3) can be estimated 
from the following equation, derived from the time- 
dependent solution: 

t ,  = - 104Kb2 [sinh (Y In coth(a/2)I2, ( 5 )  
Di 

where K is the sorption retardation constant. For a 
nonsorbing species the equilibration time is estimated to 
be 310 years for the parameters given in Table 1. The 
time is much shorter, only a few years, so that the flow 
velocity is great enough to warrant use of Eq. (1). For 
a sorbing species, with a retardation coefficient greater 
than unity, the equilibration time is proportional to the 
retardation coeficient of that species in the rock. 
Although these equilibration times are short compared 

to the times of interest for storage, they are long 
enough to be important in designing experiments to test 
the predictions of these boundary-layer controlled rates. 

Application to Repositories 

Predicted solubility-limited fractional dissolution 
rates in Table 1 for the low-solubility species are much 
smaller than the fractional release rates estimated from 
laboratory leaching experiments wherein the concentra- 
tion boundary layer resistance is either negligible or 
absent. This means that for a waste form in the reposi- 
tory environment, surrounded by groundwater in a 
porous rock, the rate of dissolution for these low- 
solubility species will be controlled by the rate of tran- 
sport into the liquid boundary layer adjacent to the 
waste solid. For most radionuclides, except cesium, the 
kinetics of the solid-liquid interactions are rapid enough 
that the concentration of the dissolved species in the 
liquid at the waste surface will be near or only a little 
below the solubility limits for these species. Because 
the kinetics of the solid-liquid interactions are not con- 
trol 1 i ng for these low-solu bi 1 it y species, the 1 aborator y 
leach rate data are irrelevant and are not useful for 
estimating the dissolution of low-solubility species 
under repository conditions. 

From our analyses of advective transport of radionu- 
clides in wastes from fuel reprocessing, the very soluble 
cesium-135 is the only radionuclide important to long- 
term repository performance whose dissolution rate 
from borosilicate glass may not be affected by 
solubility-limited dissolution, provided that cesium can 
dissolve faster than the waste matrix itself. If the dis- 
solution rate of cesium-135 is not important to overall 
repository performance, then the rate of dissolution or 
degradation of borosilicate glass itself would not affect 
repository performance. 

REFERENCES 
Bradbury, M.H., Lever, D., and Kinsey, D., 1982. 

Aqueous phase diffusion in crystalline rock. In W. 
Lutze (ed.), Scientific Basis for Nuclear Waste 
Management (Vol. 5 ) .  Elsevier-North Holland 
Publishing Company, p. 569-578. 

Chambrk, P.L., Pigford, T.H., and Zavoshy, S., 1981. 
Solubility-limited dissolution rate in groundwater. 
Transactions of the American Nuclear Society, v. 
40, p. 153. 

Chambre, P.L., Pigford, T.H., Sato, Y., Fujita, A, 
Lung, H., Zavoshy, S., and Kobayashi, R., 1982a. 

125 



Analytical performance models. Lawrence Berke- 
ley Laboratory report LBL14842. 

Chambrk, P.L., Zavoshy, S., and Pigford, T.H., 1982b. 
Solubility-limited fractional dissolution rate of 
vitrified waste in groundwater. Transactions of the 
American Nuclear Society, v. 43, p. 11 1. 

Harada, M., Chambrk, P.L., Foglia, M., Higashi, IC, 
Iwamoto, F., Leung, D., Pigford, T.H., and Ting, 
D.K., 1980. Migration of radionuclides through 
sorbing media: Analytical solutions-I. Lawrence 
Berkeley Laboratory report LBL 10500. 

Iwamoto, F., Kanki, T., Chambrd, P.L., Pigford, T.H., 
and Leung, D., 1981. Solubility limited migration 
of a radionuclide chain through a geologic 
medium. Transactions of the American Nuclear 
Society, v. 38, p. 161-163. 

Kanki, T., Fujita, A, Chambrk, P.L., and Pigford, 
T.H., 1981. Radionuclide transport through frac- 
tured rock. Transactions of the American Nuclear 
Society, v. 39, p. 152. 

Kanki, T., Chambrk, P.L., and Pigford, T.H., 1982a. 
Transport of chemical species in sorbing media 
accompanied by chemical reactions. 47th Annual 
Meeting of the Society of Chemical Engineers, 
Japan E308, p. 167. 

Kanki, T., Chambrk, P.L., and Pigford, T.H., 1982b. 
Hydrogeologic transport of de&y chains with none- 
quilibrium chemical species. Transactions of the 
American Nuclear Society, v. 40, p. 356. 

McVay, G.L., Bradley, D.J., and Kircher, F., 1981. 
Elemental release from glass and spent fuel. 
Wice of Nuclear Waste Isolation report ONWI- 
275. 

Neretnieks, I., 1980. Transport mechanisms and rates 
of transport of radionuclides in the geosphere as 
related to the Swedish KBS concept. International 
Atomic Energy Agency Publ. SM-243/108. 

Pigford, T.H., Chambrk, P.L., Albert, M., Foglia, M., 
Harada, M., Iwamoto, F., Kanki, T., Leung, D., 
Masuda, S., Muraoka, S., and Ting, D.K., 1980. 

Migration of radionuclides through sorbing 
media: Analytical solutions-11. Lawrence 
Berkeley Laboratory report LBLll616. 

Pigford, T.H., Chambrk, P.L., Sato, Y., Fujita, A, 
Lung, H., Zavoshy, S., and Kobayashi, R., 1983. 
Performance analysis of conceptual geologic reposi- 
tories. University of California-Berkeley report 

Rai, D., and Strickert, R.G., 1980. Maximum concen- 
tration of actinides in geologic media. Transao 
tions of the American Nuclear Society, v. 35, p. 
185. 

Rockwell International, Inc., 1979. Hydrologic studies 
within the Columbia Plateau, Washington, Basalt 
Waste Isolation Project. Rockwell Hanford Opera- 
tions report RHO-BWI-ST-5. 

Sato, Y., Fujita, A, Chambrk, P.L., and Pigford, T.H., 
1982. Effect of solubility-limited dissolution on 
the migration of radionuclide chains. Transactions 
of the American Nuclear Society, v. 43, p. 64. 

Seidell, A, 1965. Solubilities of Inorganic and Metal- 
Organic Compounds (Vol. 2; 4th ed.). Washing- 
ton, D.C., American Chemical Society, p. 1452. 

Skagius, IC, and Neretnieks, I., 1982. Diffusion in cry- 
stalline rocks. In W. Lutze (ed.), Scientific Basis 
for Nuclear Waste Management (Vol. 5). 
Elsevier-North Holland Publishing Company, p. 

Ting, D.K., Chambrk, P.L., and Pigford, T.H., 1981. 
Radionuclide migration in a twedimensional flow 
field. Transactions of the American Nuclear 
Society, v. 40, p. 156-157. 

Wood, B.J., 1980. Estimation of waste package perfor- 
mance requirements for a nuclear waste repository 
in basalt. Rockwell Hanford Operations report 

Wood, B.J., and Rai, D., 1981. Nuclear waste 
isolation: Actinide containment in geologic repo- 
sitories. Pacific Northwest Laboratory report 

UCBNE-4031. 

509-5 18. 

RHOBWI-ST-10. 

PNL-SA-9549. 

126 



RESERVOIR ENGINEERING 
AND HyDRoGEoLorY 

The Reservoir Engineering and Hydrogeology group is active in research in a 
number of diverse areas. The main thrust of this effort is to understand the 
movement of mass and energy through rocks. This has necessarily involved treating 
fractured rock masses in which the flow phenomena within both the fractures and 
the matrix must be investigated. Studies have also addressed the problems of the 
complex coupling between aspects of the thermal, hydraulic, mechanical, and 
geochemical behavior of rocks. 

Most of the research described herein centers on key issues in reservoir 
engineering and hydrogeology, such as fractured porous media, flow in single 
fractures or networks of fractures, hydrothermal flow, hydromechanical effects, 
hydrochemical processes, unsaturated saturated systems, and multiphase 
multicomponent flows. Significant advances have been made in each of these areas, 
as summarized in the articles within this section. 

In all these projects, it has been important to combine both theoretical (or 
numerical) and field studies. In the theoretical area, the group has developed a 
basic understanding of multiphase flow, nonisothermal unsaturated behavior, and 
new numerical methods, among others. The field work has involved reservoir 
testing, data analysis, and case history simulations at a number of geothermal 
projects. 

This work was supported through U.S. Department of Energy Contract No. DE- 
AC03-76SF00098 by ( 1) the Assistant Secretary for Conservation and Renewable 
Energy, Oflice of Renewable Technology, Division of Geothermal and Hydropower 
Technologies; (2) the Assistant Secretary for Conservation and Solar Energy, Wice  
of Advanced Conservation Technology, Division of Thermal and Mechanical Storage 
Systems; (3) the Assistant Secretary for Energy Research, Oflice of Basic Energy 
Sciences, Division of Engineering, Mathematics and Geosciences; (4) the Assistant 
Secretary for Nuclear Energy, Wice of Nuclear Waste Management, Division of 
Nuclear Waste Isolation; ( 5 )  the Assistant Secretary for Nuclear Energy, Oflice of 
Nuclear Waste Management, Division of Remedial Action Programs; and (6) the 
High Level Waste Technology Branch, Division of Waste Management, Oflice of 
Nuclear Material Safety and Safeguards, U.S. Nuclear Regulatory Commission, 
through Interagency Agreement DOE-50-80-97, FIN No. B 3109-0. 





ADVANCES IN NUMERICAL MODELING 
OF FRACI’URED GEOTHERMAL 

RESERVOIRS 

K. Pruess, T.N. Narasimhan, G.S. Bodvarsson. 
H.S. h i .  and K. Karasaki 

Most high-temperature geothermal reservoirs are 
extensively fractured. The fractures provide the princi- 
pal conduits for fluid and heat flow, but “interporosity” 
flow between fractures and rock matrix can also have 
important effects on reservoir behavior. Despite the 
prevalence of fractured reservoirs, most numerical stu- 
dies of geothermal reservoirs have employed a porous- 
medium approximation in the past. This type of 
approach is based on the premise that thermodynamic 
conditions in a reservoir vary slowly and smoothly as a 
function of position. 

This premise will not in general be true for fractured 
reservoirs. Thermodynamic conditions may exhibit 
strong spatial variations in the vicinity of fractures, 
because thermodynamic changes caused by boiling or 
cold water injection may propagate rapidly in the frao 
ture network while migrating only slowly into the rock 
matrix. 

Pruess and Narasimhan ( 1982a, b) have developed a 
“multiple interacting continua” method, referred to as 
“MINC,” which is based on the different response 
times of fractures and rock matrix. A generalization of 
the double-porosity method (Barenblatt et al., 1960; 
Warren and Root, 1963), the MINC method partitions 
a fractured reservoir into sequences of interacting con- 
tinua. The first continuum comprises the fracture net- 
work, which carries global flow in the reservoir. The 
fractures interact locally with a sequence of matrix con- 
tinua. These continua are defined according to distance 
from the fracture faces. Figure 1 illustrates the parti- 
tioning scheme for a twedimensional system with a 
highly idealized regular fracture distribution. 

This type of partitioning can be intuitively justified 
from the different response times of fractures and 
matrix. Local thermodynamic changes in the rock 
matrix will depend mainly upon the distance from the 
nearest fracture, so that there will be approximate ther- 
modynamic equilibrium at all times within each of the 
volume elements shown in Fig. 1. This in turn makes it 
possible to relate flow across element boundaries to the 
accumulation of heat and mass within elements, as 

-I j I -I j il==__=.=li I I -- 
Figure 1. Basic computational mesh for fractured porous 
medium, shown here for simplicity for a two-dimensional 
case. The fractures enclose matrix blocks of low permeabil- 
ity, which are subdivided into a sequence of nested volume 
elements. [XBL 813-2753] 

required for numerical solution of discretized mass- and 
energy-balance equations. 

VALIDITY OF THE MINC 
APPROXIMATION 

The concept of partitioning matrix blocks according 
to the distance from the faces, though intuitively 
appealing, is an approximation that needs to be tested 
and justified. One way of doing this is by comparison 
with exact solutions that are available for some ideal- 
ized geometrical configurations and simple boundary 
conditions. 

Lai et al. (1982) developed (semi)analytical solutions 
for flow of a fluid with small and constant compressibil- 
ity from regularly shaped blocks of porous rock, sub- 
jected to a step change in pressure at the block faces at 
t = 0. For flow from a rock cube, the MINC approxi- 
mation gives rise to a one-dimensional differential equa- 
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tion, which is identical in form to the heat conduction 
equation for a system with spherical symmetry. The 
solution can be written as a onedimensional Fourier 
series expansion, which may be compared to the exact 
threedimensional solution, also available in Fourier 
series form (Carslaw and Jaeger, 1959). Figure 2 
shows pressures at a distance z = 0.30 from the cube 
center (0 = side length of cube) for the MINC 
approximation and for the exact solution. It is seen 
that in the center of the plane z = 0.30 (i.e., for 
x' = y' = 0) the MINC solution gives pressures that 
are somewhat high, whereas at the corner of that plane 
(x' = y' = 0.3) MINC pressures are somewhat too 
low. The discrepancies are not la rgeabout  10-15%. 
What really matters, however, is not the detailed pres- 
sure distribution inside the block, but the rate of flow 
at the block face. Figure 3 shows that the "interporos- 
ity" flow rate computed from the MINC approximation 
agrees remarkably well with the exact solution. This 
indicates that the (minor) inaccuracies in the MINC 
approximation as noted in Fig. 2 cancel out when areal 
averages are considered. 

A further comparison was made for two-dimensional 
rectangular matrix blocks with side lengths A and B 
for different elongations /3 = A/B (see Fig. 4). The 
MINC approximation here gives rise to a differential 
equation that can be solved using Laplace transforms 
and a numerical inverter. Figure 4 shows that the flow 
rate across the matrix block face as computed in the 
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Figure 2, Pressures for flow from a porous cube in MINC 
approximation (labeled 1D model) and exact solution (3D 
model). [XBL 835-1801] 

MINC approximation agrees very well with the exact 
Fourier series solution (Carslaw and Jaeger, 1959). 

Although these test examples are encouraging, it 
should be pointed out that they justify the MINC 
approximation only in the ideal circumstances studied. 
It is not known at present how accurate the MINC 
method is in practically interesting cases with irregu- 
larly shaped matrix blocks, coupled fluid and heat flow, 
and fluids with large and varying compressibility. 

- 3-0,model 
I-Dmodel 

0 5 -  

10-5 IO-' 1 0 ' ~  10-2 10-1 
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Figure 3. 
imation (1-D model) and exact solution (3-D model). 

Rate of flow from a porous cube in MINC approx- 
[XBL 

825-2240] 

Figure 4. Rate of flow from two-dimensional rectangular 
cubes in MINC approximation (1D model) and exact solution 
(2D model). [XBL 827-7111] 
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THE METHOD OF PROXIMITY 
FUNCTIONS 

The first treatment of the MINC methh, as given by 
Pruess and Narasimhan ( 1982a, b), employed highly 
idealized regular fracture distributions, but the authors 
did point out that the method could be extended to sys- 
tems with arbitrary, irregular fracture patterns. To this 
end Pruess and Karasaki (1982) introduced the concept 
of “proximity function,” which offers a convenient way 
of handling regular and irregular fracture distributions 
alike. For any given reservoir subdomain with volume 
Vo and known fracture distribution, a function V(x) 
can be defined that represents total matrix volume V 
within a distance x from the fracture faces. Note that, 
in general, the volume V will consist of a finite number 
of disjoint, multiply connected regions (see Fig. 5 ) .  
Denoting the volume fraction (average porosity) of the 
fracture system within Vo by we define the proxim- 
ity function as 

That is, PROX(x) gives the fraction of total matrix 
volume within Vo, which is within a distance x from 
the fractures. The proximity function provides all 
geometric information needed to describe interporosity 
flow in the MINC approximation. For example, the 
interface area for flow at a distance x from the frac- 
tures is simply 

* (2) 
dV dPROX( x ) 
dx dx 

A(x)  = - = (1 -41)Vo 

The proximity function and its first derivative are 
sufficient to completely define a computational mesh 
(volumes, interface areas, nodal distances) for inter- 
porosity flow between fractures and rock matrix (Pruess 
and Karasaki, 1982). A preprocessor program called 
“GMINC” was written that employs user-specified 

Figure 5. 
two-dimensional f racture  distribution. 

Illustration of the  MINC concept for an arbi t rary 
[XBL 821 1-26101 

proximity functions to transform a “primary” (porous- 
medium) mesh into a “secondary” mesh containing all 
partitions necessary for modeling interporosity flow 
(Pruess, 1982). The output of GMINC is compatible 
with the Lawrence Berkeley Laboratory geothermal 
simulators SHAFT79 and MULKOM. 

In the case of regularly shaped matrix blocks, analyt- 
ical expressions can be written down for proximity 
functions. For example, for two-dimensional square 
matrix blocks with side length a, the matrix volume 
within a distance x from the block faces is, per unit 
thickness, 

V(x) = u2 - ( a  - 2x)2 , (3) 

so that, according to Eq. ( l ) ,  

m = 4 x - 4  [f) 2 . (4) 
PROX(x) = 

a2 U 

For the general case of arbitrary, irregular fracture 
distributions, proximity functions have been computed 
by means of Monte Carlo integration. The accuracy of 
this method was demonstrated by comparison with 
analytical results such as Eq. (3), which are available 
in simple cases. Figure 6 shows a twedimensional sto- 
chastic fracture pattern, computer generated according 
to a given distribution of orientations and lengths, with 

1.0 

0.9 

0 . 8  

a .7  

0 . 6  

> 0.5  

0 . 4  

0.3 

a.2 

0. I 

O . a  

a.a a . i  a.2 0.3 0 . 4  0.5 0 . 6  0.7 0.8 0.9 1 . 0  

X 

figure 6. Two-dimensional stochastic f racture  distribu- 
tion. [XBL 821 1-26431 

1 3 1  



0.2 

0.0 

0.0 0.1 0.2 0.3 0.4 0.5 0 .6  0.7 0.8 0.9 1.0 

D / DMAX 

Figure 7. Proximity function for stochastic fracture 
distribution. [XBL 821 1-26421 
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Derivative of proximity function for stochastic 

random locations (Long et al., 1982). The proximity 
function for this system, obtained by Monte Carlo 
integration with 100,000 integration points, is shown in 
Fig. 7; Fig. 8 gives the interface areas as obtained by 
numerical differentiation (Pruess and Karasaki, 1982). 

The MINC method has been applied for studying a 
number of flow problems, including laboratory and field 
experiments. These applications are discussed in 
separate reports in this volume. 

REFERENCES 
Barenblatt, G.E., Zheltov, I.P., and Kochina, I.N., 

1960. Basic concepts in the theory of homogeneous 
liquids in fissured rocks. Journal of Applied 
Mathematics (USSR), v. 24, no. 5, p. 1286-1303. 

Carslaw, M.S., and Jaeger, J.C., 1959. Conduction of 
Heat in Solids (2nd ed.). New York, Oxford 
University Press. 

Lai, M.S., Rodvarsson, G.S., and Pruess, IC, 1982. 
Verification of the MINC method, in preparation. 

Long, J.C.S., Remer, J.S., Wilson, C.R., and Wither- 
spoon, P A ,  1982. Porous media equivalents for 
networks of discontinuous fractures. Water 
Resources Research, v. 18, no. 3, p. 645-658. 

Pruess, IC, 1982. GMINC-A mesh generator for 
simulating flow in fractured reservoirs. Lawrence 
Berkeley Laboratory report LBLl5227. 

Pruess, IC, and Karasaki, K., 1982. Proximity func- 
tions for modeling fluid and heat flow in reservoirs 
with stochastic fracture distributions. Presented at 
the Eighth Workshop on Geothermal Reservoir 
Engineering, Stanford University, Stanford, CA. 

Pruess, IC, and Narasimhan, T.N., 1982a. On fluid 
reserves and the production of superheated steam 
from fractured, vapor-dominated geothermal reser- 
voirs. Journal of Geophysical Research, in press. 

Pruess, IC, and Narasimhan, T.N., 1982b. A practical 
method for modeling fluid and heat flow in frac- 
tured porous media. In Proceedings, 6th SPE 
Symposium on Reservoir Simulation, New Orleans, 
Louisiana, February 1-3, 1982, SPE-10509. 

Warren, J.E., and Root, P.J., 1963. The behavior of 
naturally fractured reservoirs. Society of 
Petroleum Engineers Journal, v. 3, p. 245-255. 

132 



DEVELOPMENT OF THE GENERAL 
PURPOSE SIMULATOR MULKOM 

K. Pruess 

MULKOM is an acronym for “multicomponent 
model,” a computer program for simulating the flow of 
multicomponent, multiphase fluids and heat in porous 
or naturally fractured reservoirs. The flow equations 
solved and the mathematical and numerical methods 
employed in MULKOM are similar to the geothermal 
reservoir simulator SHAFT79 (Pruess and Schroeder, 
1980). 

The numerical approach in MULKOM is based on 
the integral finite difference method, which permits 
simulation of one-, two- or three-dimensional reservoir 
systems with regular or irregular grid blocks and com- 
plex topology. The difference equations are formulated 
fully implicitly. All mass- and energy-balance equa- 
tions are solved simultaneously, using Newton/Raphson 
iteration and a direct solution technique. The linear 
algebra is performed with the Harwell solver MA28, 
which efficiently handles nonsymmetric matrices with 
random sparsity structure (Duff, 1977). 

SHAFT79: STATUS AND LIMITATIONS 
For several years the simulator SHAFT79 has been 

the “workhorse” of our reservoir modeling effort. It 
has been applied to a wide variety of generic, labora- 
tory, and field problems. Both porous-medium and 
fractured-medium calculations were carried out, and 
important insights were gained into the behavior of 
two-phase geothermal reservoirs. Additional applica- 
tions of SHAFT79 have been made for the study of 
thermohydrologic conditions in the vicinity of high-level 
nuclear waste repositories. 

SHAFT79 has been adopted for distribution by the 
National Energy Software Center in Argonne, Illinois, 
and it is currently in use in over 20 companies and 
research organizations, both domestic and abroad. The 
diverse applications have proved the mathematical and 
numerical methods used in SHAFT79 to be robust and 
efficient. The chief limitation of SHAFT79 is the 
representation of reservoir fluids as single-component 
water, neglecting the effects of noncondensible gases 
and dissolved solids. Compositional effects arising from 
the fact that geofluids are typically mixtures rather 

than pure substances are known to be very important in 
many geothermal reservoirs. After studying the feasi- 
bility of extending SHAFT79 to multicomponent mix- 
tures, it was decided that, instead of modifying 
SHAFT79, a new development should be undertaken. 
This has permitted implementation of a much more 
flexible program structure that is applicable to a large 
variety of flow systems. 

MULTICOMPONENT ARCHITECTURE 
The transport equations governing flow of heat and 

multicomponent, multiphase fluids in porous or frac- 
tured rock masses have the same form, regardless of the 
number of fluid components and phases present. From 
the mathematical point of view, a reservoir containing 
an H20/C02 mixture, for example, differs from a sys- 
tem with pure water in only two respects: (1) composi- 
tional systems require additional mass-balance equa- 
tions, namely, one for each component, and (2) the 
thermodynamic and thermophysical properties of mix- 
tures are different from those of pure substances. 
Therefore, when modeling fluid and heat flow in compo- 
sitional systems, it is desirable to employ a flexible p r e  
gram structure that can be easily adapted to handle 
different mixtures. MULKOM features a modular 
architecture, with separate modules for (1) initializing 
simulation problems, (2) representing PIT properties 
(equation of state) for the desired fluid mixture(s), 
(3) assembling the nonlinear transport equations, and 
(4) solving the set of linear equations arising in the 
iterative solution process for the nonlinear equations. 
The coding is done in such a way that the number of 
fluid components to be treated can be provided as a 
(variable) input parameter. The nature of the fluids 
and their thermophysical properties are specified by 
means of equation-of-state modules (“EOS”). The 
EOS expresses all thermodynamic and thermophysical 
properties (“secondary parameters”) of multicom- 
ponent, multiphase fluid mixtures in terms of a set of 
“primary” dependent variables. For a system with NK 
components, the number of primary variables (degrees 
of freedom) is NK + 1, Le., there is one variable for 
each mass component and one variable for the heat 
“component.” The EOS module communicates with 
the other modules of MULKOM by means of two large 
arrays. One array contains the latest values of all pri- 
mary variables for all grid blocks. The other array con- 
tains a complete set of secondary parameters for the 
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given primary variables. The physical meaning of the 
primary variables needs to be specified within the EOS 
module, but is not needed in the other modules. There- 
fore, primary variables can be chosen (and changed) in 
such a way that accuracy and efficiency of the therme 
physical property calculations are optimized. This has 
permitted better absolute and relative accuracy in 
parameters controlling flow, so that convergence can be 
obtained for 5-10 times larger time steps than was pos- 
sible with SHAFT79. Phase transitions can be easily 
handled by means of variable switching. For example, 
in simulations for pure water, pressure and temperature 
are used as primary variables throughout the single- 
phase regions. When a phase transition to twephase 
conditions occurs, the second primary variable is 
“switched” from temperature to vapor saturation. This 
leads to a very efficient and robust algorithm. 

In assembling the flow equations, only secondary 
parameters are needed. Table 1 lists all secondary 
parameters. The array of secondary parameters as p r e  
vided by the EOS module(s) has a specific..structure 
that enables the transport part of MULKOM to obtain 
the needed thermophysical properties in definite storage 
locations, irrespective of the number of fluid com- 
ponents and phases present. It is this peculiar structure 
of the primary and secondary parameter arrays-and 

Table 1. Secondary parameters, 
~~ ~ 

Parameters Meaning (units) 

Saturation of phase LY (dimensionless) 

Relative permeability (dimensionless) 

Viscosity (Pa-s) 

Density (kg/m3) 

Specific enthalpy (J/kg) 

Pressure (Pa; Pa = P + Pca 
includes capillary pressure Pea) 

Mass fraction of component K 

in phase a (dimensionless) 

Temperature (“C) 

Heat conductivity (W/m-”C) 

the architecture of the interface for the EOS module- 
that gives MULKOM the flexibility to represent 
different mixtures of nonreactant fluids. 

APPLICATIONS 
At present, the following EOS modules are available: 

1. A “geothermal” EOS, based on the steam table 
equations as given by the International Formulation 
Committee (1967). This is applicable to liquid- or 
vapor-dominated geothermal reservoirs, including cold 
water injection. 

2. A “twewater” EOS, which is similar to the fore- 
going, except that two water components can be 
represented. This permits the study of mixing processes 
of waters with different salinity or different trace con- 
stituents. 

3. A “steam-flooding” EOS, which describes three- 
component, three-phase mixtures of two hydrocarbons 
and water substance. The light hydrocarbon component 
is distillable. This EOS can represent fluids in 
petroleum reservoirs undergoing primary, secondary, or 
tertiary (thermal) recovery. 
An EOS module for H,O!CO, mixtures at elevated 
temperatures and pressures 1s nearing completion. 

MULKOM has been thoroughly validated against 
SHAFT79 solutions. Applications have been made to 
one-, t w e  and three-dimensional geothermal reservoir 
problems in porous and naturally fractured reservoirs, 
including laboratory experiments and field studies (his- 
tory matching and performance prediction). MULKOM 
has also been used in design studies for high-level 
nuclear waste repositories. 
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HEAT AND MASS TRANSPORT IN A 
FAULT-CONTROLLED GEOTHERMAL 
RESERVOIR CHARGED AT CONSTANT 

PRESSURE 

K.P. Goyal and T.N. Narasimhan 

I 
t I  1-1 

A two-dimensional mathematical model of a fault- 
controlled geothermal reservoir has been developed in 
which heated water, rising in the fault, is assumed to 
charge a reservoir that is overlain by a thin, imperme- 
able, thermally conducting cap rock. The mass flow 
rate and the pressure associated with the charging p r e  
cess at the fault inlet are unknown and can only be 
estimated. Thus it is assumed here that the pressure in 
the fault at the bottom of the reservoir is to be 
prescribed. Quasi-analytic solutions for the velocity, 
pressure, and temperature are obtained in the fault- 
reservoir system for a high Rayleigh number flow. In 
this approximation, the upwelling fluid does not cool off 
appreciably until it reaches the cold upper boundary of 
the reservoir and encounters conductive heat loss. This 
thermal boundary layer, which is thin at the top of the 
fault, grows outward laterally and occupies the full 
thickness of the aquifer far away from the fault. The 
mathematical model is based on the flow of liquid water 
in a saturated porous medium. The solution techniques 
involve a combination of perturbation methods, boun- 
dary layer theory, and numerical methods. The 
analysis of this generic model can be applied to liquid- 
dominated geothermal systems in which the thickness of 
the impermeable cap rock is very small compared to the 
depth of the reservoir. 

THE PROBLEM 
We consider a geothermal reservoir that is undergo- 

ing natural convection. The upwelling part of the con- 
vection cell is controlled by a vertical fault (Fig. 1). 
The downward limb of the convection cell is assumed to 
lie at a distance of 2H from the fault. On grounds of 
symmetry we consider only half of the cell. This con- 
ceptual model is considered to be representative of 
liquid-dominated geothermal systems like the one at 
East Mesa, Imperial Valley, California. The depth of 
the reservoir, L’, is assumed to be much greater than 
the fault width ( 2 ~ : ) .  It is postulated that the fault is 
charged at depth by water that has been heated in the 
fractured basement system. In the present analysis the 

’Y 

Figure 1. Twedimensional conceptual model of a liquid- 
dominated geothermal reservoir. [XBL 7812-22OOAl 

pressure in the fault at the bottom of the reservoir is 
considered to be a prescribed parameter. The hot, light 
liquid rises in the reservoir section of the fault and is 
pushed into the aquifer by the overpressure associated 
with the convection process. The liquid is assumed to 
flow only horizontally within the aquifer. The vertical 
permeability of the formation is expected to be drasti- 
cally reduced by the presence of interbedded shaly and 
sandy layers. Goyal and Narasimhan (1982) present 
detailed derivation of the governing equations and their 
solution, using a combination of perturbation theory, 
boundary layer analysis, and numerical methods. The 
temperatures at the bottom and at the top of the hor- 
izontal reservoir are fixed, and a linear temperature 
variation is assumed along the vertical boundary at H’. 
The top and bottom boundaries are both assumed to be 
impermeable to fluid flow. The inlet pressure of water 
at the fault is also assumed to be known. The reservoir 
is capped by a relatively thin, impermeable cap rock. 

APPLICATION 
Consider a faulted geothermal reservoir with the fol- 

lowing properties: 

Fault width, y: = 75 m 
Reservoir thickness, L’ = 3000 m 
Temperature at top of reservoir, Th = 298 K 
Temperature at bottom of reservoir, T d ,  = 596 K 
Reservoir permeability, K = m2 
Reservoir thermal conductivity, A, = 2.125 W/m-K. 

We assume that the physical properties of water are as 
dictated by prevailing temperature and pressure. 

For these conditions Goyal and Narasimhan (1982) 
have computed the fluid velocity field, the temperature 
field, and the fluid pressure field within the fault and 
within the reservoir. 
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Figure 3. Reservoir temperatures away from the 
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For purposes of illustration, let us consider the tem- 
perature distribution within the system. Figure 2 shows 
the variation of normalized temperature, T'/T& with 
normalized depth, Z, in the region close to the fault at 
three horizontal distances, Y = O.lY:, 0.4Y:, and 
l.0Y:. It may be seen that the boundary layer at the 
top of the aquifer increases in thickness away from the 
fault because of conductive heat losses through the cap 
rock. At the same time, the temperature in the bottom 

part of the reservoir remains essentially at T-. 
Figure 3 shows the normalized temperature profile at 

several distances away from the fault: 9 = O.lH', 
0.2H', 0.4H', and 1.OH'. The value ? = H' denotes 
the far-field boundary of the model in Fig. 1. It can be 
seen from Fig. 3 that the boundary expands progres- 
sively and spans the entire reservoir at ? = H'. 

We shall now qualitatively validate the model profiles 
(Figs. 2 and 3) with a field example from East Mesa, 
California (Fig. 4). The geothermal reservoir in East 
Mesa lies at a depth of about 800 m from the ground 
surface (Goyal and Kassoy, 1981). The downhole tem- 
peratures measured in various wells tapping the perme 
able zones are shown in Fig. 4. The temperatures 
measured in the conduction-dominated upper 800 m are 
not shown in this figure, but Figs. 2 and 3 show the 
ambient temperature at the upper boundary of the 
reservoir as prescribed. For a proper comparison, it is 
desirable to include the clay cap in the model being 
studied. In that case, large temperature gradients at 
the upper boundary of the reservoir (z  = 0), caused by 
prescribed ambient temperature boundary conditions, 
will disappear, as discussed in Goyal and Kassoy 
(1981). However, the heat transfer mechanism in the 
model being studied and that shown in Fig. 4 are simi- 
lar if we replace the upper boundary of our model with 
an interface between the reservoir and the clay cap, 
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Figure 4. Temperaturedepth profile for East Mesa wells 
below 800 m (Goyal and Kassoy, 1981). [XBL 781 1-66321 
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where the temperature will be much higher than the 
ambient temperature and will decrease with the dis- 
tance from the fault because of heat loss to the surface 
through the clay cap. Thus only a qualitative com- 
parison is possible among Figs. 2 to 4. It can be seen 
that wells 6-1, 6-2, 8-1, 44-7, and 48-7 are located in 
the hottest parts of the reservoir. A qualitative corn 
parison of the borehole temperature variations in Fig. 4 
and theoretical predictions in Figs. 2 and 3 shows that 
the temperature profiles in wells 6-1, 6-2, 8-1, 44-7, and 
48-7 are similar to those in Fig. 2, which pertain to the 
near-fault region. This suggests that the aforemen- 
tioned wells are at least close to the hot recharge zones 
of this field. In fact, flat temperature profiles similar 
to those in Fig. 2 can be seen in wells 8-1, 44-7, and 
48-7 between depths of 1200-1800 m, 1500-1850 m, 
and 1800-2100 m, respectively. The temperature 
profiles of the other wells in Fig. 4 are similar to those 
in Fig. 3 for p > 0.4. These wells are thought to be 
farther from the intensely fractured zone of the reser- 
voir system. In particular, well 18-28 is farthest from 
any known fault zone. Comparison of Figs. 2 to 4 
shows that the model predictions are credible at least in 
a qualitative sense. 

CONCLUSIONS 
Quasi-analytic solutions are obtained for velocities, 

pressures, temperatures, and temperature gradients in a 
fault-controlled liquid-dominated geothermal system 
with a specified pressure at the fault inlet. The solution 
techniques involve the combination of perturbation 
methods, boundary layer theory, and numerical 
methods. Effects of various parameters, such as fault 
inlet pressure, Rayleigh number, overheat ratio, and 
fault width, are investigated in these solutions. Addi- 

INJECI'ION MODELING 

K. Pruess 

In most geothermal fields, the immediate objective of 
injection is disposal of waste fluids. Apart from waste 
disposal, injection offers additional benefits. Practical 
field experience and theoretical studies have shown that 
reinjection can aid in maintaining reservoir pressures, 
which is very desirable because this will control sub- 
sidence and help to maintain production rates. It is 

tional results for other parameter values can be found 
in Goyal and Narasimhan (1981). 

The analysis can be applied to compute the velocity 
field in an aquifer in response to changes in its permea- 
bility or fluid viscosity under a prescribed inlet pres- 
sure. Moreover, if the geologic, geophysical, heat flux, 
and borehole logging data are known, it is possible to 
calculate the total fluid recharge rate to the geothermal 
system in addition to other physical parameters of 
interest. 

The concepts used to generate the model can be 
tested directly by comparison of the field data and the 
theoretical prediction. Current measurement tech- 
niques provide surface heat flux distributions, downhole 
temperature, and pressure distributions that can be 
compared with values obtained in a given model. The 
temperatures predicted by this model compare favorably 
in a qualitative sense with those measured in the East 
Mesa anomaly. 
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well known that most of the heat reserves of a geother- 
mal reservoir are stored in the rock matrix, with only a 
small percentage residing in the fluids. Therefore it 
appears that a once-through type of production strategy 
without reinjection will leave most of the heat in the 
ground. Injection has a potential of getting at the heat 
stored in the rock, so that energy recovery may be sub- 
stantially enhanced. On the negative side, there is the 
possibility of premature thermal breakthrough, which 
could have a severe negative impact on the efficiency of 
the operation. Another important factor to consider is 
the significant cost of continuous large-scale injection. 
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It appears that environmental regulations will man- 
date full reinjection at most geothermal fields in the 
future. What is needed are methods that would permit 
confident prediction of reservoir response to injection. 
Such methods would help in the design and analysis of 
injection tests and in the design of full-scale, field-wide 
reinjection, so that utilization of the resource can be 
optimized. 

Some useful insight into reservoir response to cold 
water injection has been gained from a study of highly 
idealized systems that permit analytical solutions (e.g., 
Bodvarsson and Tsang, 1982). It is clear, however, that 
a realistic and detailed treatment of injection requires 
numerical methods. Numerical modeling of injection is 
a rather difficult problem, because it involves movement 
of sharp fronts (thermal, chemical, hydrodynamic), 
making volume averaging techniques questionable. 
Further complications arise from the fact that most 
geothermal reservoirs are highly fractured. 

Our ongoing efforts focus on applying, evaluating, 
and improving numerical methods for analyzing reser- 
voir response to injection. Further injection studies are 
highlighted in a companion report. 
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Results of a long-term reinjection experiment at Lar- 
derello have been reported by Giovannoni et al. (1981). 
Water at 35°C was injected at a rate of approximately 
12.7 kg/s (e 46 m3/kg) into a strongly depleted vapor 
zone at Larderello. Reservoir response was monitored 
in 14 producing wells at distances from 150 to 900 m 
from the injector. It was observed that production rates 
responded quickly to reinjection, increasing by about 
60% of the applied injection rate. Changes in noncon- 
densible gas content and isotopic composition of pro- 
duced steam showed that over 90% of injected waters 
were reproduced as steam, though the rate of native 
steam production declined somewhat. Over a period of 
209 d, a total of 230,000 m3 of water was injected, and 
no thermal interference was noted in any of the produc- 
tion wells. 

This experiment has been modeled with the simulator 
MULKOM, using a simplified two-dimensional axisym- 
metric model, as shown in Fig. 1. Reservoir parameters 
and thermodynamic conditions were chosen realistically 
(Schroeder et al., 1982). The production wells were 
represented by productivity indices, obtained from the 
known permeability times the thickness product of 
approximately 10 darcy-m per well. No specific account 
was made of fracture effects, but porosity was taken as 

Figure 1. Schematic model (mesh) of Larderello injection 
experiment. [XBL 821 1-26091 

rather small, C#I = 1%. Before injection is started, the 
wells produce at a quasi-steady rate of 72.5 kg/s, which 
agrees with the rate observed in the field. 

No serious problems were encountered in simulating 
injection into the steam zone. The volumeaveraging 
method used in MULKOM gave rise to some spurious 
flows toward the injection well (see below) which, how- 
ever, never exceeded 5% of the injection rates. It 
appears that spurious flows can be minimized by 
employing a fine mesh near injection points. Simula- 
tion results are given in Fig. 2. After injection is 
started the produced flow rate increases by 8.7 kg/s 
( X  68.5% of injection rate) within one week. A max- 
imum is reached after three weeks, and subsequently 
both production rate and rate of natural recharge at the 
bottom of the reservoir decline slowly. Within three 
months after terminating injection, production and 
recharge rates are back to their undisturbed quasi- 
steady values. It was noted that the injected water 
migrates downward (under gravity) much more rapidly 
than outward. At the end of the injection period, the 
injection plume extended 200 m below the injection 
well, but only 43 m radially outward. Mass balances 
showed that 82.8% of the injected water was vaporized. 

This study demonstrates that existing simulation 
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Figure 2. Simulated flow rates for Larderello injection 
experiment. [XBL 821 1-261 11 

methods can be applied for the difficult problem of 
water injection into a steam zone. Careful mesh design 
is needed to minimize spurious flows. The quantitative 
results compare well with the field observations. 

STANFORD HEAT EXTRACTION 
EXPERIMENTS 

For a number of years, heat extraction experiments 
have been carried out at Stanford University. These 
experiments use a laboratory model of a fractured 
geothermal reservoir consisting of a large pressure 
vessel with a loading of regularly shaped blocks of rock 
(Swenson and Hunsbedt, 1981). The vessel is filled 
with water, heated to temperatures around 240°C, and 
then subjected to a “cold sweep’’ process by injecting 
water of ambient temperature at the bottom. A number 
of thermocouples record temperature transients at vari- 
ous points in the water and in the rocks (see Fig. 3). 

Under development is a distributed parameter model 
for the laboratory apparatus, using the method of “mul- 
tiple interacting continua” (MINC; Pruess and 
Narasimhan, 1982). The computational mesh is 
obtained from the “proximity function” approach, dis- 
cussed in the first article of this section. First results 
for simulated temperature transients are shown in 
Fig. 3, together with the measurements of Swenson and 
Hunsbedt ( 1981). The overall agreement is not bad, 
considering that unadjusted handbook values were used 
for most material parameters. The largest discrepancies 
occur for the bottom layer, labeled B in Fig. 3, and 
these are probably due to the coarseness of discretiza- 
tion near the cold water inlet. It is expected that more 
detailed modeling of the complex vessel geometry will 
result in a much better match of experimental data. 
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Figure 3. 
heat extraction experiment. [XBL 8212-124551 

Measured and simulated flow rates for Stanford 

A FRONT-TRACKING TECHNIQUE FOR 
INJECTION MODELING 

Conventional geothermal reservoir simulation tech- 
niques partition a flow domain into a number of discrete 
volume elements and compute fluid and heat flow 
between elements from differences in average thermo- 
dynamic conditions. It has been known for some time 
that this type of approach can give rise to “spurious” 
(unphysical) flows in injection problems (Schroeder et 
al., 1982). When cold water is introduced into a 
volume element containing hot two-phase fluid, the 
average temperature in that element declines. Under 
twephase conditions, there is a one-bone corres- 
pondence between temperatures and pressures, so that 
pressures will also decline, causing a spurious flow of 
reservoir fluid toward the injection well. 

Spurious flows occur only when the hydrodynamic 
front, which separates single-phase liquid near the 
injection well from twephase reservoir fluid, and the 
thermal front between hot and cold fluids reside in the 
same volume element. The thermal front is retarded in 
comparison to the hydrodynamic front by heat transfer 
from the reservoir rock. In a radial flow problem, the 
distance between hydrodynamic and thermal front will 
increase with time, and will eventually exceed the 
dimensions of the volume elements used in the compu- 
tational mesh. Therefore, as was shown by Schroeder 
et al. (1982), the spurious flows disappear after some 
time, so that the associated error can be controlled. 

Unfortunately, such a “self-correction” of spurious 
flows will not in general take place when injection into 
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thick two-phase or steam zones is considered where 
significant vertical flows occur. Numerical simulation 
has been used to verify that, near the top of the injec- 
tion zone, the distance between hydrodynamic and ther- 
mal fronts can remain small, so that persistent spurious 
flows can be minimized only at the expense of introduc- 
ing many very small grid blocks. 

A formulation of the heat- and mass-transfer problem 
has been developed that avoids spurious flows alto- 
gether. This is accomplished by “front tracking”: The 
coordinates of the hydrodynamic front are introduced 
explicitly as dependent variables of the problem and are 
treated on an equal footing with thermodynamic vari- 
ables in volume elements. Grid blocks containing a 
piece of the hydrodynamic front are assigned two sets 
of thermodynamic averages, referring to conditions 
behind and ahead of the front, respectively. No volume 
averaging is performed across the front. To fix the 
location of the hydrodynamic front, additional equa- 
tions for front coordinates must be introduced and 
appended to the set of mass- and energy-balance equa- 
tions for grid blocks. Because pressures are continuous 
across the hydrodynamic front, these additional equa- 
tions can be written in the form of pressure constraints. 
Thus a consistent set of equations for all thermo- 
dynamic and frontal “coordinates” has been obtained 
that is well suited for implementation in existing geoth- 
ermal simulators. 

NUMERICAL SIMULATION OF FLUID 
INJECI’ION INTO DEFORMABLE 

FRAcruREs 

J. Noorishad and T.W. Doe 

Injection of fluids into fractured rocks is a common 
practical concern in many phases of civil, mining, and 
petroleum engineering. The traditional means of 
predicting injection flow rate or well pressure behavior 
is to use solutions of the general transient equations of 
fluid flow in porous or equivalent porous media (Dewi- 
est, 1968; Snow, 1968). In these treatments the defor- 
mability of the medium is thought to be represented 
through the concept of specific storage. This assump 
tion inherently requires the existence of a uniform total 
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stress field unaffected by temporal and spacial varia- 
tions of the fluid pressure field (Terzaghi, 1925). How- 
ever, the requirements cannot be met where rapid varia- 
tions of the pressure field are taking place or when the 
media possess strong nonlinearity and anisotropy with 
regard to different deformation moduli and fluid flow 
properties (Snow, 1968; Noorishad et al., 1971). There- 
fore, the traditional fluid flow treatments may no longer 
be applicable in such situations. Development of the 
general theory of consolidation by Biot (1941) has p r e  
vided the basis on which more realistic attempts of 
predicting fluid flow behavior of deformable media have 
been made (e.g., Ghaboussi and Wilson, 1971). In this 
study a new coupled hydromechanical finite element 
technique, developed by Ayatollahi et al. (1982) and 
generalized by Noorishad et al. (1982), is used to simu- 
late more realistic behavior of a deeplying fracture 
subject to fluid injection under constant head and con- 
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SOLUTION APPROACH Figure 1. 
tion problem. [XBL 823-8323] 

Schematic geometry of the model used in injec- 

The complexity of fluid flow in deformable fractured 
rocks all but prevents attempts at analytical solution. 
Only simple problems involving linear isotropic porous 
media have been solved. Extension of the existing vari- 
ational finite element method for linear elastic porous 
media (Ghaboussi and Wilson, 1971) Provides the 
numerical formulation of the problem. 

ne problem is assumed to have axial sy-etry. The 
fracture is modeled by a number of joint elements 
(wman et 1968) having linear behavior in the 
load-deformation range under consideration. The rock 
is of sufficiently low permeability m2) that, 

stant flow conditions. These results are verified by a 
finite element algorithm for coupled steady-state 
phenomena. 

FIELD EQUATIONS OF COUPLED 9 

Transient Solution 
under the hydraulic conditions and the time periods 
considered, the flow into the rock itself would be 

A predictor-corrector scheme is used to obtain the 
time-marching solution of equations. The development 
of the equations and the details of the solution are 

c d k e d  to the 10.m slab of the n d e l .  

Constant Head Injection 
explained in Noorishad et al. (1982). 

Steady-State Solution 
Simple modification of the numerical formulation 

offers a way of directly determining steady-state solu- 
tions for coupled hydromechanical problems. A single 
direct solution of the simplified equations provides the 
steady-state results for coupled hydromechanical prob- 
lems in porous fractured elastic solids. This steady- 
state modification, implemented in the computer code, 
provides a useful option for prompt assessment of the 
late time results of transient problems. 

APPLICATION TO FLUID INJECTION 
PROBLEMS 

The problem considered here is sketched in Fig. 1. 
A well of 0.05 m radius intersects the fracture at its 
center. Other system properties are shown in Table 1. 
To ensure static equilibrium, corresponding in situ 
stress and initial pressures are input into the model. 

Steady-state analysis. The system is pressurized by 
injection under 50 m of constant differential head. 
Note that the injection head is less than one-quarter of 
the overburden stress on the fracture. The steady-state 
pressure profile in the fracture is plotted in Fig. 2. The 
resulting steady-state flow rate if 0.381 m3/s. 

Transient analysis. To simulate the transient 
behavior of the system in the above problem, the cou- 
pled finite element technique (Noorishad et al. 1982) is 
used. The resulting values of the well flow rates are 
plotted in Fig. 3. The final steady-state flow rate 
obtained here closely approximates the results of the 
onsstep steady-state analysis performed earlier. The 
early time behavior follows the familiar pattern of the 
traditional constant-head-injection fluid flow problems 
shown in curve C. To delineate this behavior, the fluid 
flow equations for the coupled (hydromechanical) prob- 
lem must be compared with those for the uncoupled or 
equivalent nondeformable problem. 

Under speciJic conditions, the true fluid flow behavior 
of deformable, porous elastic continua may be similarly 
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Table 1. Data used for various analyses of fracture injection 
problem. 

Material Property Value 

Fluid Mass density, pl 9.80 X lo2 kg/m3 
Compressibility, SP 5.13 X lO-'/GPa 
Dynamic viscosity, 71 2.80 X 10" N-s/m2 

~ ~~~~ 

Rock Young's modulus, E, 70.0 GPa, 0.7 GPa 
Poisson's ratio, Y, 0.25 
Mass density, p, 

Porosity, 8 0.015 
Intrinsic permeability, k m2 
Biot's constant, M 
Biot's coupling constant, a 1.0, 0.oa 

2.5 X lo3 kg/m3 

1.47 GPa, 14.0 GPaa 

Fractures Initial normal stiffness, K,, 
Initial tangential stiffness, Ks 
Cohesion, Co 

Friction angle, 6 
Initial aperture, b 
Porosity, 8 
Biot's constant, M 
Biot's constant, a 

1.60 GPa/m 
0.50 GPa/m 
0.0 
30" 
lo-" m 
0.50 
1.47 GPa, 14.0 GPaa 
1.0, 0.P 

aUsed in the uncoupled case. 

I 1 1 
0 20 40 60 80 1 3 0  IZO 140 160 

RACIAL DISTANCE. meters 

Figure 2 Steady-state pressure distribution along the 
fracture. [XBL 823-8324] 

Figure 3. Transient well flow rate vs time for nondeform 
able fracture (curve C), deformable fracture overlain by 
rigid rock ( E  = 7.0 G h )  (curve B), and deformable frac- 
ture overlain by soft rock ( E  = 0.7 GPa) (curve A). [XBL 
823-8325] 
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obtained by fluid flow analysis alone using the conven- 
tional fluid flow equation. The traditional approach has 
also been employed for analysis of fluid flow behavior of 
nonlinear material, such as fractured rocks, by using an 
equivalent specific storage for fractures defined as 
S,/ = 1/(26K,) (e.g., Snow, 1968). Such extensions of 
the concept of specific storage may be valid for exten- 
sively fractured rocks with frictionless fractures under 
special circumstances. However, the combination of 
anisotropy and nonlinearity due to the presence of frac- 
tures and the consequent pressure-coupled total stress 
field invalidates application to fluid flow problems in 
most fractured rocks. 

Constant Flow Rate Injection 

A transient well-bore pressure analysis for a constant 
flow rate injection problem has been made using the 
same system geometries as described above for the case 
of constant head. The analyses are made using a flow 
rate of 0.381 X m3/s, and both deformable and 
nondeformable conditions are applied for the fracture. 
In the latter case, a storage coefficient of 2.O/GPa (as 
in the earlier problem) is used. The transient pressure 
curves are shown in Fig. 4. As with the transient flow 
rate case, the results of the conventional fluid flow and 
the coupled stress and fluid flow analysis follow the 
same pattern for the very early behavior but deviate as 
the pressure front advances radially in the fracture. 

CONCLUSIONS 
The primary conclusion of this work is that pressure 

dependence of permeability through fracture deforma- 
tion may have a major effect on the behavior of fluid- 
injection phenomena. Unfortunately, there is not any 
solution technique available for verifying the coupled 
stress-flow model. An algorithm developed here is used 

IO8 I I I I 

F I I I I I I 
10-2 lo-' 100 IO' 1 0 2  103 104 

Time, s 

Figure 4. Transient well pressure vs time for nondeformable 
fracture and deformable fracture overlain by rigid rock (E 
= 70.0 GPa). [XBL 823-8326] 

143 

10 

f 
[ 5  

0 

30 

n 

n 
z 

\ eo 

; 10 
0 

J 

TIME. m b  

Figure 5. Pressuretime record for reinjection of a 
hydraulic fracture shown with acoustic emission record 
(Majer and McEvilly, 1982). [XBL 824-9287] 

to solve the steady-state coupled hydromechanical prob- 
lem directly to give the same steady flow rate and pres- 
sure profile as those resulting from the transient ana- 
lyses. 

The general form of the transient pressure curves 
predicted by the coupled model for the case of constant 
wellbore flow have been obtained from hydraulic frac- 
turing experiments at the Stripa mine in Sweden 
(Majer and McEvilly, 1982). Such behavior, as shown 
in Fig. 5 ,  has in the past been interpreted as fracture 
extension; however, acoustic emission data obtained 
during the pumping showed that breakdown of the rock 
near the fracture tip did not occur until well into the 
test. 

Existence of mixed and geometrically complex boun- 
dary conditions and variable rock properties will natur- 
ally alter the behavior of pressure and flow rate from 
that described in the simple models presented here. 
Nonetheless, we are confident that coupled stress-flow 
models can provide valuable insight into the phenomena 
accompanying fluid injection. 
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NUMERICAL SIMULATION OF THE 
E m  OF SOIL NITROGEN TRANSPORT 

AND TRANSFORMATIONS ON 
GROUNDWATER CONTAMINATION 

M. Mehran,* J. Noorishad, and K.K. Tanjif 

The concern over the behavior of nitrogen (N) in 
soil-water systems stems from economic and environ- 
mental considerations. Addition of agricultural sources 
of N to the soil system causes excess leaching of soluble 
N species below the active root zone. Transport of 
nitrates from the vadose zone to groundwater increases 
the concentration of nitrates in the subsurface aquifers 
(Ayers and Branson, 1973) producing potential health 
hazards in living organisms (National Academy of Sci- 
ences, 1978). 
In the past 10 years, extensive research has been con- 

ducted to study the behavior of N and its potential 
environmental impacts with great emphasis on transfor- 
mations and transport of N in the vadose zone (Dutt 
et al., 1972; Duffy et al., 1975; Davidson et al., 1978; 
Tanji and Mehran, 1979). However, the interaction 
between the unsaturated zone and the underlying 
aquifer system has received less attention. 

The primary causes of three-dimensional transport of 
water and solute in the vadose zone are (1) uneven dis- 
tribution of irrigation and precipitation, (2) spatial vari- 
ability of physicochemical properties of soils, and 
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(3) nonuniformity of vegetative cover (Nielsen et al., 
1980). However, under some special and practical cir- 
cumstances, the three-dimensional description of tran- 
sport can be reduced to a one-dimensional representa- 
tion. Such is the case in relatively homogeneous fields 
of large areal extent with uniform vegetative cover. 
Regions in which agriculture is practiced on a large 
scale fit this description quite well. Moreover, consider- 
ing the complexity of the processes occurring in the 
vadose zone, one sees that the assumption of one- 
dimensionality of transport in the formulation consider- 
ably reduces the computer time and the storage require- 
ment. 

Under the most general conditions, fluid flow and 
solute transport within an aquifer are also three- 
dimensional phenomena. However, presence of 
favorable conditions allows two-dimensional considera- 
tions. One-dimensional representation of flow and tran- 
sport in the vadose zone, combined with two- 
dimensional conceptualization in the aquifer, is 
believed to give a realistic description of transport in 
the overall flow region. The thrust of the proposed 
work is based on this concept. 

The objective of this paper is to present a model for 
N transport and transformations in order to predict the 
migration of nitrates in both the vadose zone and the 
underlying aquifer system as influenced by agricultural 
and groundwater management parameters. 

THE MODEL 
The present model describes simultaneous transport 

of water and soluble N species in saturated-unsaturated 
porous media. The flow region consists of an aerated 
zone referred to as the vadose zone and an underlying 
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saturated aquifer system. The processes contributing to 
changes in the concentration of nitrates in the vadose 
zone include dispersion-convection, plant uptake, ion 
exchange, and N transformations. These transforma- 
tions consist of nitrification, denitrification, mineraliza- 
tion, and immobilization. The concentration of nitrate 
in the aquifer is assumed to be affected only by 
dispersion-convection phenomena. The governing equa- 
tions for the transport of water and soluble N species 
are developed in a generalized two-dimensional form for 
the entire flow region. However, in applying the equa- 
tions to the vadose zone, we should bear in mind that 
the horizontal components of flow will vanish. 

NO; TRANSPORT 

SUBMODEL 

Y +  

METHODS OF SOLUTION 
The transport equations, applied to the vadose zone 

and the aquifer, are solved by finite difference and 
finite element methods, respectively. Although the pri- 
mary reason for this approach lies in the chronological 
development of the computer codes, the advantages of 
the approach are numerous and can therefore be 
justified. The finite difference method of solving equa- 
tions for the vadose zone-where biophysicochemical 
processes are numercus and complex but geometry is 
one-dimensional and simple-has the advantage of 
being computationally efficient. On the other hand, the 
finite element method is suited for aquifers in which 

WATER CONTENT N TRANSPORT a 
VELOCITY TRANYORMATION 
PLANT WATER 

EXTRACT ION SUBMODEL 
> 

the only mechanism of transport is dispersion- 
convection but the transport two-dimensional and the 
geometry more complex (Noorishad and Mehran, 1982). 
The sequence of computational steps is shown in Fig. 1. 

ILLUSTRATIVE SIMULATIONS 
The main thrust of this paper is the idea of linking 

two powerful modeling techniques to provide an 
efficient and economical approach for solving aquifer 
pollution problems. For this reason, there was no need 
for solving a sophisticated hypothetical problem. Furth- 
ermore, simulation of realistic field problems requires a 
considerable amount of support not available to us at 
this time. Therefore, to demonstrate the capability of 
the model in predicting the distribution of nitrates in 
the vadose zone and the underlying aquifer system, a 
simple hypothetical problem is considered. The 
schematic diagram of the flow region is shown in Fig. 2. 

Modeling of the Vadose Zone 
The vadose zone is assumed to be 1 m thick with a 

uniform volumetric water content of 0.3%. It is also 
assumed that a steady vertical darcy velocity of 
0.1 m/d is sustained throughout the problem time. The 
initial concentrations of NH,' and NO; are assumed 
to be 100 and 10 mg/L, respectively. The dispersion 
coefficients for NH,' and NO; are calculated using 
Dm = 7 X lo-' m2/d and uL = 0.03 m (Biggar and 
Nielsen, 1976). In the hypothetical problem presented 
here, the assumptions of small thickness of the vadose 
zone and relatively large areal extent of the flow region 
are satisfied. 

To illustrate the capability of the model, the 
processes of nitrification and plant uptake are con- 
sidered. To demonstrate the effect of nitrification, a 
rate of K 1 2  = 0.2/d for the entire vadose zone is 

Figure 1. 
steps. [XBL 835-9870] 

Schematic diagram of the overall computational 
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Figure 2 Geometry of the modeled zone. [XBL 835-9871] 
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assumed. The concentration profiles of NH,' and 
NO,- at an elapsed time of 2.5 d are shown in Fig. 3. 
In this simulation, it is assumed that there is no plant 
uptake and that no other N transformations are present 
in the system. As shown in Fig. 3, the nitrate concen- 
tration at the bottom of the vadose zone is approxi- 
mately 45 mg/L, which is the upper limit for the drink- 
ing water standard set by the U.S. Public Health Ser- 
vice. The effect of plant uptake of NH,' and NO; on 
concentration profiles is also shown in Fig. 3. For this 
simulation a constant plant water extraction of W(z ,t ) 
= 0.2 cm3/d for the entire vadose zone is assumed. 

The flux of water and nitrate below the root zone is 
in continuous change and always lags behind the 
imposed conditions (on the vadose zone) by months or 
years (Nielsen et al., 1980). But for the purpose of 
demonstrating the capability of modeling the aquifer, it 
is assumed that agricultural activities have reached a 
steady state in which the nitrate concentration of the 
leachate is 45 mg/L. 

Modeling the Aquifer 

The transport of the received leachates from the 
vadose zone is analyzed by means of the finite element 
portion of the modeling scheme in a vertical cross s e e  
tion of the aquifer. The aquifer is assumed to be 
IO00 m long and 10 m thick. It is also assumed that 
the aquifer has a natural gradient of 1/1000 and a 
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Concentration profiles of mobile N species in a 
soil column leached with N-free water demonstrating the 
effect of nitrification and plant uptake. [XBL 835-9872] 
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hydraulic conductivity of 1 m/d. This leads to a hor- 
izontal velocity distribution of lo-, m/d throughout the 
aquifer. 

The geometry of the aquifer and the value of the 
parameters used in the simulation are shown in Fig. 2. 
A constant concentration input of 45 mg/L of nitrate is 
imposed on the water table. The concentration profiles 
for the beginning (curve A), the middle (curve B) and 
the end (curve C) of the aquifer are shown in Fig. 4 for 
three time periods. The advancement of the front or 
the contaminated zones for the same times are shown in 
Fig. 5. It can be observed that the depth of the con- 
taminated zones is not large even for about a decade. 
It is also observed that a rather small horizontal 
hydraulic gradient is sufficient to prevent any accumu- 
lation of the leachates. 

CONCLUSION 
Investigations of aquifer pollution from surface 

sources require an integrated analysis of the vadose 
zone system. Application of numerical models to prob- 
lems of large scale in time and space demands efficient 

NO;-N CONC.. mg/l  

t.7.53 years 1.4.70 years t =  1.80 years 

Figure 4. 
and C for three time periods. [XBL 835-9873] 
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solution approaches as well as sound conceptualization 
of physical phenomena. In the modeling concept 
presented here, we have taken advantage of two power- 
ful and efficient modeling techniques that incorporate 
the salient features of transport processes in the vadose 
zone and the aquifer system. A simple hypothetical 
simulation is presented to illustrate the concept. 
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CHEMICAL TRANSPORT IN FISSURED 
ROCK: VALIDATION OF A NUMERICAL 

MODEL 

A. Rasmuson, * T.N. Narasimhan, and I .  NeretniekP 

Numerical models for simulating chemical transport 
in fissured rock constitute powerful tools for evaluating 
the acceptability of geologic nuclear waste repositories. 
Because some nuclear waste products remain highly 
toxic for long times, such models are required to 
predict the spatial and temporal distributions of chemi- 
cals whose concentrations are less than 0.001% of their 
concentrations when released from the repository. 
Whether numerical models can provide such accuracies 
is the main question addressed here. To this end, we 

*Department of Chemical Enginwring, Royal Institute of Technology, Stock- 
holm, Sweden. 

soil. Journal of Environmental Quality, v. 4, 

Dutt, G.R., Shaffer, M.J., and Moore, W.J., 1972. 
Computer simulation model of biophysicochemical 
processes in soils. Technical Bulletin 196, Agricul- 
tural Experiment Station, University of Arizona, 
Tucson, Arizona. 

National Academy of Sciences, 1978. Nitrates: An 
Environmental Assessment. Panel on Nitrates, 
Environmental Studies Board, National Research 
Council, National Academy of Sciences, Washing- 
ton, D.C. 

Nielsen, D.R., Biggar, J.W., MacIntyre, J.L., and 
Tanji, K.K., 1980. Field investigation of water 
and nitrate-nitrogen movement in Yo10 soil. In 
Soil Nitrogen as Fertilizer or Pollutant. Interna- 
tional Atomic Energy Agency, Vienna, p. 145-168. 

Noorishad, J., and Mehran, M., 1982. An upstream 
finite element method for solution of transient tran- 
sport equation in fractured porous media. Water 
Resources Research, v. 18, no. 3, p. 588-596. 

Tanji, K.K., and Mehran, M., 1979. Conceptual and 
dynamic models for nitrogen in irrigated croplands. 
In P.F. Pratt (Principal Investigator), Nitrate in 
Effluents from Irrigated Lands. Final Report to 
the National Science Foundation, University of 
California, Riverside, p. 555-646. 

p. 477-486. 

have verified a numerical model, TRUMP, that solves 
the advection-diffusion equation in general in three 
dimensions with or without decay and source terms. 
The method is based on an integrated finite difference 
approach. The model was verified against known ana- 
lytic solutions of the one-dimensional advection- 
diffusion problem as well as the problem of advection- 
diffusion in a system of parallel fractures separated by 
spherical particles. The studies show that as long as 
the magnitude of advectance is equal to or less than 
that of conductance for the closed surface bounding any 
volume element in the region (i.e., numerical Peclet 
number < 2), the numerical method can indeed match 
the analytic solution within errors of or less. 
The realistic input parameters used in the sample calcu- 
lations suggest that such a range of Peclet numbers is 
indeed likely to characterize deep groundwater systems 
in granitic and ancient argillaceous systems. Thus 
TRUMP in its present form does provide a viable tool 
for use in nuclear waste evaluation studies. A sensi- 
tivity analysis based on the analytic solution suggests 
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that the errors in prediction introduced due to uncer- 
tainties in input parameters are likely to be larger than 
the computational inaccuracies introduced by the 
numerical model. 

THEORY 
Consider a system of parallel, horizontal fractures 

separated by unfractured rock, as depicted in Fig. 1. 
The coupled partial differential equations describing 
chemical transport in this system may be written as 
shown below. 

Chemical transport in the fracture: 

Chemical transport in the rock: 

where vf is the steady-state water velocity in the frac- 
ture, cf is concentration of species in the fracture, DL 
is the longitudinal dispersion coefficient for the frac- 
ture, z is the coordinate axis oriented along the frac- 
ture, w is the coupling term denoting the rate at which 
the solute is lost from the fracture to the rock matrix 

I 

Figure 1. Sketch of the fracturematrix system for the t w e  
dimensional advection-diffusion problem. [XBL 825-2251] 

per unit volume of the fracture, Dp is the diffusivity of 
the species in the pore fluid, tp is the porosity of the 
rock due to the presence of microfissures, A, is the 
decay coefficient, and K is the volume equilibrium con- 
stant defined as the mass of solute required to change 
the pore fluid concentration, cp ,  by unity per unit 
volume of the rock. The concentration of the species in 
the solid, cs and c p ,  will not in general be equal. The 
ratio of c, to cp at equilibrium is the partition 
coefficient, KA , defined by 

Here c, is defined in terms of the bulk volume of the 
porous matrix. In view of the partition coefficient, K 
becomes a function of tp and KA. Thus 

K = t p  + KA . 

The rate at which the solute is transferred from the 
fracture to the adjacent block of rock depends on the 
diffusivity, the concentration gradient, and the area of 
cross section at the fracture-rock interface. Thus 

where VJ is the fracture volume and Df, ,  are the 
diffusivity and area of cross section at the fracture-rock 
interface. Here r is the orientation of the transverse 
axis of diffusion. Note that the quantity of solute lost 
by fracture is gained by the rock block. Let 5, denote 
the bulk average concentration of the solute in the rock 
block that includes the microfissures and the solids. 
Then 

where V, is the volume of the rock block. If we now 
define the bulk rock volume Vb to be Vf + V, and the 
fracture porosity tf to be Vf /Vb, then 

If the rock matrix associated with the fracture is ideal- 
ized as spherical (Rasmuson and Neretnieks, 1981), 
then in Eq. (4), 
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a2cp 2 acp 
V . DPtpVcp = Dpcp - + - - .  (8) arz r ar 

The rate of transfer of solute from the fracture to the 
sphere (Eq. 5 )  is 

where ro is the radius of the sphere. The average rate 
of change of concentration in the sphere becomes 

It may be pointed out that since diffusion is assumed to 
occur only within the rock through the stagnant water 
present in the microfissures, the interface diffusivity, 

Essentially, the fractured continuum is treated as a 
“tweporosity” medium or a complex of two interacting 
continua. The transfer term represented in Eq. (13) 
forms the basis for coupling the two. 

The fractured rock system under consideration is sub 
ject to the following conditions. 

in Eqs. (12) and (13), is equal to Dptp.  

APPLICATION 

The transport problem described above was applied to 
a hypothetical problem described in Table 1 and was 
solved numerically using computer program TRUMP 
(Edwards, 1969). The emphasis was to investigate the 
magnitude of accuracy that may be obtained using a 
working numerical model. A comparison of the numeri- 
cal results with known solutions is presented in Fig. 2. 
As can be seen, the results agree well down to a nor- 
malized concentration of about lod. This indicates that 
the computational uncertainties involved in the model- 
ing problem are much less than the uncertainties that 
are introduced because of uncertainties about input 
data. 

Rasmuson et al. (1982) include a detailed account of 
the investigation, describing the numerical model in 
detail and presenting a detailed analysis of four other 
illustrative problems. 

Table 1. Parameters used in sample problem. 

Boundary conditions: Parameter Dimension Values used 

C f ( r n , t )  = o  . (12) 

Initial conditions: 

cp(r ,z ,O) = 0 . (13) 

We follow the convection that r = 0 at the center of 
the sphere and r = ro at the interface between the 
fracture and the sphere. At the center of the sphere 
there is a symmetry condition, i.e., ac,/ar = 0. 

Equations (1) and (2), subject to the internal boun- 
dary condition (lo), the boundary conditions (11) and 
(12), and the initial conditions (13) and (14), fully 
characterize the advection-diffusion problem under con- 
sideration. 

Fluid velocity, vf 

Fluid flux, F 
hngitudinal dispersion 

coefficient in 
fracture, DL 

Fracture spacing, S 
Fracture porosity, ‘1 
Radius of sphere, ro 
Volume of equilibrium 

constant, K 
Effective di ff usi vi t y 

in bulk solid, Dp cp 

Decay constant, Ad 

Fracture aperture, 2b 
Hydraulic conductivity 

of fissure, Kf 
Hydraulic gradient, i 
Length of fracture 

element, Az 

3 x 
3 x 10-l2 

1.35 X lo4 

1.0 
1 o - ~  
1.5 

1 o4 

lo-’* 

1 o - ~  
7.335 X 

1.00 x lo4 
3 x 

15-100 
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Figure 2. Comparison of analytic and numerical solutions 
for a mesh with 0.0167 < Pel < 0.111 and with half-life of 
3 X lo8 years. [XBL 825-2248] 

A STUDY OF COUPLED 
THERMOMECHANICAL, 

THERMOHYDROLOCICAI, AND 
HYDROMECHANICAL PROCESSES 

ASSOCIATED WITH A NUCLEAR WASTE 
RJPOSITORY IN A FRACIZTRED ROCK 

MEDIUM 

C.F. Tsang, J.  Noorishad, and J.S. Y. Wang 

Four processes are generally associated with the 
disposition of nuclear waste in a fractured rock 
medium: heat transfer, fluid flow, rock deformation, 
and chemical reactions and transport. Figure 1 illus- 
trates the possible couplings of these processes in a hard 
rock medium where fluid flow is mainly through frac- 
tures (Tsang, 1980). Waste heat will increase the tem- 
perature, affect the rock stability, distort the flow of 
groundwater, and change the rock and fluid properties. 
Although the interdependence of these different 
processes is generally recognized, the processes are usu- 
ally modeled individually, and couplings are either 
neglected or treated by approximation. The study and 
modeling of these process interactions, however, is 
clearly important. A coupled model can determine the 
limits of validity of uncoupled models. It can also lead 
to a better understanding of the key processes, help to 
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determine the sensitivity of key parameters, design field 
tests and repository structures, and provide a good tool 
for the prediction of waste thermal impact (Tsang, 
1980). 

Much work has been done in coupled models involv- 
ing two of these four processes. Very little progress has 
been made, however, in the coupling of three or more 
of the processes up to now. This report summarizes an 
investigation of the three-way coupling of heat transfer, 
fluid flow, and mechanical deformation. The numerical 
model ROCMAS, recently developed to simulate the 
coupled process of fluid flow and rock and fracture 
deformation, will be used to study the thermohydro- 
mechanical processes associated with a nuclear waste 
repository. The development of ROCMAS at the 
University of California and Lawrence Berkeley Labora- 
tory has extended over 10 years, from an early version 
of externally coupled fluid flow and stress to the current 
version with internally coupled capabilities for nonisoth- 
ermal, nonlinear simulations of fractures and porous- 
medium blocks. The code has been extensively 
validated against existing uncoupled and partially cou- 
pled solutions (Witherspoon et al., 1981a; Noorishad et 
al., 1982). 

ROCMAS CODE 
In ROCMAS, the coupling of the fluid pressure field 

and rock mechanical deformation is founded on the 
extension of Biot's consolidation theory (Biot, 1941) for 
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Figure 1. Couplings among the four processes associated 
with a repository of nuclear waste in fractured rock media. 
The long arrows represent strong influences from one process 
to another; short arrows represent weaker effects. [XBL 837- 
19041 

porous elastic media to nonlinear fracture behavior 
(Noorishad et al., 1982). The temperature field is cou- 
pled to fluid flow through convection, and to the stress- 
strain field through the thermal expansion of rock. The 
governing equations for pressure, temperature, and rock 
displacement are derived from the conservation laws of 
mass and energy, the Darcy fluid-flow law, and the law 
of static equilibrium. A direct-solution numerical pro- 
cedure has been developed that involves a variational 
finite element formulation and a Galerkin integral to 
produce a set of three matrix equations. In this 
approach, the equations of static equilibrium and fluid 
flow appear in an implicitly coupled form, and the 
energy equation is explicitly coupled to these equations. 
A predictor-corrector scheme is used to obtain the 
time-marching solution of the implicitly coupled equa- 
tions. The energy equation uses a Crank-Nicholson 
stepby-step procedure, with the solution of each time 
step being sought in the middle of the interval. With 
time discretization, the final matrix equations are solved 
by a two-step interlacing scheme. 

THERMOMECHANICAL DEFORMATION 
OF A FRACTURED ROCK COLUMN 

To demonstrate the ability of ROCMAS to handle 
fracture nonlinearities, a simple thermomechanical 
problem was chosen consisting of a long column of rock 
intersected near its left end by two fractures (see insert 
in Fig. 2). The column temperature is initially set at 
0°C. After a step increase of 50°C at the left end, the 
problem is to determine the time variations of displace- 
ments of the fracture surfaces. The material properties 
of the rock are given in Table 1. Figure 2 shows the 
highly nonlinear thermomechanical behavior of the 
fractured column. The displacement of the left surface 

I I I I 

40 80 120 160 
Time, days 

Figure 2 Displacements along a rock column with two frac- 
tures subjected to a temperature rise of 50°C at time 0. The 
curves labeled 5 +  identify the displacements to the right 
(+) and left (-) of the fracture located at 5 m from the 
heated boundary; the curves labeled lo+ correspond to the 
fracture at 10 m. [XBL 815-3018] 

Table 1. Material properties for thermomechanical 
analysis of fractured rock column. 

Value 

Mass density 
Specific heat capacity 
Thermal conductivity 
Thermal expansion 

Initial normal stiffness 
Young's modulus 5.13 MPa 
Poisson's ratio 0.25 

2.5 X lo3 kg/m3 
2.1 X lo-' kcal/kg-"C 
7.65 X lo4 kcal/m-sec-"C 

coefficient 1.11 x 1 0 - ~ / ~ c  
2.5 X lo3 Fa/m 

of the first fracture at 5 m (labeled 5- in Fig. 2) is 
essentially the same as the displacement of an unfrac- 
tured column in the same position. Across the first 
fracture, the right surface, 5+, moves only half as 
much as 5- at early time with two fractures to absorb 
the rock expansion. The kink of the 5' displacement 
occurs when the thermal expansion of rock closes the 
1-mm-aperture fractures. After the fracture closes, the 
right surfaces move the same way as the left surfaces. 
The sepa t ion  of the 5' and 10- curves in Fig. 2 
increases to 1 mm as the temperature and the expansion 
in the second block between 5 m and 10 m increase. 

For the location beyond the fractured zone, 
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gic system is at ground level hydrostatic equilibrium 
before fluid injection takes place. The rock system is 
loaded with the overburden, and the outer boundary is 
restricted to vertical movement only. The material pro- 
perties of the fluid, rock, and fracture are given in 
Table 2. The system is pressurized by injection under 
50 m of constant differential head, which is less than 
one-quarter of the overburden stress on the fracture. 
Figure 4 shows the transient well flow rate. The well 
flow rate of the deformable fracture exhibits an initial 
exponential decline lasting about 10 s followed by a 
lengthy, slow rise continuing for about IO00 s until a 
steady-state trend of greater duration takes over. The 
value of the final steady-state flow rate was checked 

Time (days) 
Table 2. Data used for analysis of fracture injection problem. 

Figure 3. Predicted (broken) and measured (solid) vertical 
displacement between anchor points 3 m above and 3 m below 
heater midplane. The broken curve is predicted with a linear 
elastic model. [XBL 819-115871 

represented by 10' in Fig. 2, the rock will not move 
appreciably until all the fractures are closed. With all 
the fractures closed, the fractured column will behave 
like an unfractured column. This behavior of delayed 
rock displacement may explain the anomalous behavior 
of the measured displacements in the underground field 
experiment in the fractured granite formation of Stripa, 
Sweden (Witherspoon et al., 1981b). An example of 
the measured displacement is shown in Fig. 3. The 
measured displacement is much smaller than the value 
predicted with a linear elastic model, and there is 
essentially no displacement at early time. Although the 
fracturecolumn results in Fig. 2 are based on idealized 
models, they strongly suggest that field data can be 
used to understand the nonlinear thermomechanical 
behavior of a fractured rock mass. 

HYDROMECHANICAL DEFORMATION 
OF A FRACTURE UNDER FLUID 
INJECTION 

To demonstrate the ability of ROCMAS to model 
fracture deformation induced by fluid flow, an 
injection-well-testing problem was studied. A horizon- 
tal fracture located at a depth of 100 m in granite is 
assumed to be intersected by a 0.05-m-radius well. It is 
assumed that the fracture encounters a region of high 
permeability capable of maintaining a constant head at 
a radial distance of 150 m from the well. The hydrolo- 

Material Property Value 

Fluid Mass density 
Compressibility 

Dynamic viscosity 

Rock Young's modulus 

Poisson's ratio 

Mass density 

Porosity 

Intrinsic permeability 

Biot's storativity constant 

Biot's coupling constant 

Fractures Initial normal stiffness 

Initial tangential stiffness 

Cohesion 
Friction angle 

Initial aperture 

Porosity 

Biot's storativity constant 

Biot's constant 

9.80 X Id kg/m3 
5.13 X IO-'/GPa 
2.80 X 10-4 N-s/m2 
70.0 GPa 

0.25 
2.5 X IO3 kg/m3 
0.015 

m2 
1.47 GPa, 14.0 GPaa 

1.0, 0.P 

1.60 GPa/m 
0.50 GPa/m 

0.0 
30' 
10-4 m 
0.50 
1.47 GPa, 14.0 GPaa 

1.0, 0.0" 

Used in the uncoupled case. 

10-7 I I I I I I I I 

'. 104 Deformable fracture 

c 
I 1 

Rigid fracture 

IO* 
10-3 10-2 IO-' ioo 10' 102 103 104 105 

Time, s 

Figure 4. Transient well flow rate versus time for nonde 
formable fracture and deformable fracture overlain by rigid 
rock (E = 70 GPa). [XBL 837-1905] 
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Figure 5. The fracture-aperture profile along the radial 
direction from the well bore at 0.05 m radius to an external 
boundary at 150 m. The well bore is maintained at a higher 
head (50 m) than the external boundary. [XBL 815-3012] 

with the results of independent one-step steady-state 
analysis (Noorishad and Doe, 1982). The early-time 
behavior follows the familiar pattern of the traditional 
constant-head-injection fluid-flow problems shown in 
the curve of rigid fracture. The rigid-fracture curve is 
plotted from the results of ROCMAS solved in an 
uncoupled manner with appropriately chosen storage 
coefficient. 

The comparison of the coupled analysis with uncou- 
pled analysis in Fig. 4 reveals that, although the 
fracture’s early-time fluid-flow behavior resembles that 
of an equivalent porous material, its later-time behavior 
is determined by the deformable rock-fracture system. 
This porous-media-like behavior is rapidly violated in 
later time by the effects of deformation on the intrinsic 
fracture permeability, necessitating a coupled stress- 
flow analysis of such problems. Figure 5 illustrates the 
opening of the fracture from its initial constant to its 
final steady-state bent profile. Similar anomalous 
behavior of deformable fractures is also observed for 
the case of the constant-flow-rate problem (Noorishad 
and Doe, 1982). 

THERMOMECHANICAL DEFORMATION 
OF A FRACTURE NEAR A 5-kW HEATER 

To demonstrate the ability of ROCMAS to simulate 
the thermohydromechanical environment around a waste 
canister or heater, the changes in the flow of fluid 
induced by the temperature rise were studied. A 5-kW 
heater is located at a depth of 350 m in granite. A hor- 

izontal fracture is assumed to be 3 m below the heater 
midplane and to extend from the heater borehole to a 
hydrostatic boundary at a radial distance of 20 m from 
the borehole. The properties of rock and fracture are 
given in Table 3, and the twedimensional ( r , z )  finite- 
element grid is shown in Fig. 6. The heater drift, 
represented by the hatched area, is simulated by assign- 
ment of very low values of Young’s modulus to the ele- 
ments. Before the heater raises the temperature of a 
large volume of the rock, the flow from the hydrostatic 
outer boundary to the atmospheric (“zero” hydraulic 
pressure) borehole is high. Later in time, with the 
heated rock above the fracture expanding and the frao 
ture aperture near the heater borehole closing, the flow 
decreases sharply, as shown in Fig. 7. The evolution of 
the fracture aperture profile, together with the varia- 
tions of the pressure and temperature distributions, are 
shown in Fig. 8. These results guide us to a better 
understanding and proper interpretation of what was 
observed in the in situ heater experiments in Stripa 
granite (Witherspoon et al., 1981b) and other similar 
experiments in other fractured rock formations. 

DISCUSSION ON 
THERMOHYDROMECHANICAL 
COUPLING 

The thermomechanical simulation of a fractured rock 
column, the hydromechanical simulation of injection 
well testing, and the thermohydromechanical simulation 
of the fracture inflow near a heater illustrate that the 
existence of nonlinear deformable fractures can change 
the rock and fluid-flow behavior drastically. These 
problems illustrate the use of the Lawrence Berkeley 
Laboratory code ROCMAS in the near-canister simula- 
tions and in the development of advanced well-testing 
methodologists. 
To obtain a better understanding of the thermally 

induced rock displacements in fractured rock masses, 
fracture models are required to explain the nonlinear 
behavior associated with fracture closures. Since waste 
repositories are likely to be located under the water 
table, the fluid flow in fractures will also be affected by 
heat released by the waste canister. ROCMAS should 
be a useful tool for the design and interpretation of 
heater and canister experiments in saturated, fractured 
rock formations. 

The characterization of fractured rock masses is 
another area for potential application of ROCMAS. 
Conventional well-testing analyses are based on 
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Table 3. Data used for analysis of fracture inflow to a 
heater borehole. 

Material Property Value 

Rock Mass density 
Porosity 
Permeability 
Thermal conductivity 
Specific heat 
Thermal expansion coefficient 
Biot's storativity constant 
Biot's coupling constant 
Young's modulus 
Poisson's ratio 

Fracture Initial aperture 
Biot's storativity constant 
Initial normal stiffness 
Initial tangential stiffness 
Friction angle 
Cohesion 
Porosity 

2.6 X lo3 kg/m3 
5.0 X 
1.0 x IO-'* m2 
7.6 X lo4 kcal/m-s-"C 
2.1 X lo-' kcal/kg-"C 

5.0 GPa 
1.0 
51.3 GPa 
0.23 
lo4 m 
5.0 GPa 
85 GPa/m 
0.85 MPa/m 
30" 
0.0 
1.0 

1 . 1 1  x 10-~/c" 

154 



5 ,  I 

0-day I 

c g$j  
E: 
a c  I- .- 

0 .  
0.1 

E 
E 

L L 

W CL 

a 
1 I 
0.5 I 5 10 20 

L 
O0.2 

Radius, rn 

Figure 8. Pressure and aperture profiles in the fracture for 
various durations and the temperature profile along the heater 
midplane. [XBL 821@4848] 

constant-head-injection and constant-flow-rate 
production solutions for porous media with constant 
storage coefficients. For deformable fractured forma- 
tions, the hydraulic responses cannot be decoupled from 
the mechanical deformations induced either by pressure 
changes or by thermal rock expansion. Deviations from 
the conventional solutions may contain useful 
knowledge for the characterization of fractured rock 
masses. The characterization of a fractured rock mass 

SIMULATION OF CONSOLIDATION IN 
PARTIALLY SATURATED SOIL 

MATERIALS 

T. N. Narasimhan 

The consolidation or swelling of unconsolidated, par- 
tially saturated soil materials is of interest in the 
management of uranium mill tailings piles. After 
emplacement in tailings ponds in the form of slurries, 
the tailings material undergoes progressive desaturation 
through drainage. As the tailings drain, they may also 

will be one of the major challenges in the determination 
of site suitability for waste isolation. 

REFERENCES 
Biot, M.A,  1941. General theory of three-dimensional 

consolidation. Journal of Applied Physics, v. 12, 

Noorishad, J., and Doe, T.W., 1982. Numerical simu- 
lation for fluid injection into deformable fractures. 
In Issues in Rock Mechanics, Proceedings of the 
23rd U.S. Rock Mechanics Symposium, AIME, p. 

Noorishad, J., Ayatollahi, M.S., and Witherspoon, 
P A ,  1982. A finite-element method for coupled 
stress and fluid flow analysis of fractured rocks. 
International Journal of Rock Mechanics and Min- 
ing Sciences, v. 19, p. 185-193. 

Tsang, C.F., 1980. A review of the state-of-the-art 
of thermomechanical-hydrochemical modeling 
of a hard rock repository. Workshop on 
Thermomechanical-Hydrochemical Modeling for a 
Hard Rock Waste Repository, Lawrence Berkeley 
Laboratory report LBL 1 1204. 

Witherspoon, P A ,  Tsang, Y.W., Long, J.C.S., and 
Noorishad, J., 1981a. New approaches to problems 
of fluid flow in fractured rock masses. In Issues in 
Rock Mechanics, Proceedings of the 22nd U.S. 
Symposium on Rock Mechanics, p. 1-20. 

Witherspoon, P.A., Cook, N.G.W., and Gale, J.E., 
1981b. Geologic storage of radioactive waste: 
Field studies in Sweden. Science, v. 211, p. 
894-900. 

p. 155-164. 

645-654. 

undergo consolidation, shrinkage, and even cracking, all 
of which will likely influence the fluid flow pattern 
within the material. Included here is a summary of the 
current status of understanding of the mechanisms that 
govern deformation of partially saturated soil materials. 
A detailed account of this topic can be found in 
Narasimhan ( 1982). 

THE PROBLEM 
We are concerned with a porous medium, varying in 

grain size from that of fine silt or clay to that of sand, 
which is emplaced in the pond in the form of a slurry. 
Beginning with this initial condition, the material 
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undergoes drainage, dictated mainly by gravity, and 
then progressive desaturation. The material may also 
lose water to the atmosphere, through evaporation at the 
surface, or may gain water from rainfall. In an active 
mill tailings pond, new tailings material accumulates on 
older material as the pond fills up. The weight of the 
newly added material increases the pore water pressure 
and the pore air pressure in the deeper materials. This 
increase, in turn, modifies the existing fluid flow 
dynamics. 

The overall problem is one of transient fluid flow in a 
variably saturated, heterogeneous, deformable porous 
medium subjected to periodic, incremental increases in 
boundary loads during the active phase of tailings 
emplacement. At its upper boundary, the system 
interacts with the atmosphere through any vegetative or 
other cover material that may have been placed on the 
tailings. The drainage is ultimately dictated by the 
disposition of the water table of the local groundwater 
system. The drainage-deformation phenomenon is 
characterized by the presence and movement of two 
fluid phases, water and air, in the presence of a 
discrete, particulate, solid phase constituted by the 
grains of the porous medium. 

THEORY 
When a partially saturated material undergoes 

drainage, the fluid pressure within the pores decreases. 
The decrease in fluid pressure causes a change in the 
stress field acting on the soil skeleton, leading to the 
deformation, consolidation, and heave of the soil mass. 
A key to a realistic simulation of partially saturated soil 
deformation lies in a proper treatment of the interrela- 
tionships between pore pressure and the skeletal 
stresses. 

The earliest attempt in this direction was the 
modification and extension of Terzaghi’s effective stress 
concept to partially saturated soils by Bishop (1959). 
Later work by Matyas and Radhakrishna (1968) and 
Fredlund and Morgenstern (1976) indicates that for 
partially saturated materials it is more realistic to dis- 
card the simple concept of an effective stress and 
express volume change as a function of two variables 
involving combinations of total stress, u, water-phase 
pressure, P,, and air-phase pressure, Pa.  Choosing the 
convenient combination (a - P a )  and the capillary pres- 
sure (Pa - P,), Matyas and Radhakrishna (1968) pro- 
vided the first reported relations between these parame- 
ters and porosity, n, and degree of water saturation, 
S,, for a particular soil. 

In the context of this approach, the compressibility of 
the soil skeleton will be a function of the gradient of 
the porosity surface at the stress state of interest and in 
the directions in which the stresses are changing. 

If we neglect the presence of air bubbles and assume 
that the air phase in the soil is continuous and at 
atmospheric pressure, then we can eliminate a conserva- 
tion equation for the air phase and express the transient 
flow of water in a deforming, partially saturated soil in 
an integral form: 

V - P a  + n m  

D , ]  n dI’ 

“ - P a  

(1) 
apw + nswcw] - 
at ’ 

where pw is water density, G, is volumetric source rate, 
k is absolute permeability, k,, is relative permeability 
to the water phase, pw is water viscosity, g is accelera- 
tion due to gravity, Z is elevation above datum, pw is 
water-phase pressure, r is the surface that encloses the 
volume element, V is bulk volume, Sw is water satura- 
tion, n is porosity, and c, is compressibility of water. 
On the right-hand side of Eq. (l), 

- an 
apw 

4 s  - p a  - - 

at a given u - pa and 

as, r n y l u - p ,  = - - 
apw 

at a given u - p a .  The governing equation (1) is sub- 
ject to appropriate initial conditions, boundary condi- 
tions, and sources. In Eq. (1) the quantities 
kqw, k, n ,  Sw, m!, and rn? are all functions of p,,  
hence the equation is highly nonlinear. Any realistic 
attempt to apply Eq. (1) to the solution of practical 
problems must necessarily involve the use of numerical 
models . 

NUMERICAL SIMULATION 
Fredlund and Hasan (1979) and Lloret and Alonso 
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(1980) essentially applied Eq. (1) to a one-dimensional 
problem of consolidation using numerical methods. 
Although, in principle, Eq. (1) is of practical utility, 
the prime constraint at present is the lack of sufficient 
laboratory data of the kind presented in Fig. 1. The 
experimental equipment required to generate such data 
is fairly elaborate, and much work remains to be done 
in generating such data for a variety of soils of interest. 
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PREDICTION AND ANALYSIS OF A FIELD 
EXPERIMENT ON A MULTILAYERED 

AQUIFER THERMAL ENERGY STORAGE 
SYSTEM WITH STRONG BUOYANCY 

FLOW 

C.F. Tsang, C. Doughty, and T.A. Buscheck 

During 1981 and 1982, Auburn University performed 
a three-cycle aquifer thermal energy storage (ATES) 
field experiment using a doublet well configuration on a 
shallow aquifer in Mobile County, Alabama (Molz 
et al., 1983). Concurrent with the first two cycles 
(injecting 59°C and 82°C water, respectively), 
Lawrence Berkeley Laboratory (LBL) made numerical 
simulations on the basis of field operating conditions to 
predict the outcome of each cycle before its conclusion. 

FIRST-CYCLE PREDICTION 
During the first cycle, 25,000 m3 of water at an aver- 

age temperature of 59°C was injected into a 21-m-thick 
aquifer originally at 20°C over a period of one month. 
The water was stored for one month and subsequently 
produced. The injected water was obtained from a s u p  
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ply well perforated in the same aquifer 240 m away 
from the injection/production well. LBL was provided 
with the basic geologic, well-test, injection flow rate, 
and injection temperature data, as well as the planned 
production flow rate. 

The well-test data and geologic information were stu- 
died and analyzed to obtain reservoir parameters. The 
parameters used in our numerical simulation are listed 
in Table 1. Since the supply well is 240 m from the 
injection/production well and the thermal radius was 
calculated to extend only about 25 m, it was decided 
that an axisymmetric calculational mesh centered at the 
injection/production well would be adequate. On the 
basis of the flow rates and injection temperature pro- 
vided, we simulated the experiment using the numerical 
model IT (an improved version of CCC) developed at 
LBL (Lippmann et al., 1977; Bodvarsson, 1982). The 
calculated production temperature is presented as curve 
A in Fig. 1, where the experimental results are also 
plotted. The experimental results were made known to 
us after we completed and presented our results. The 
energy recovery factor is defined as the produced 
energy divided by the injected energy for equal volumes 
produced and injected, with energies measured relative 
to the original aquifer temperature of 20°C. The 
predicted energy recovery factor of 0.620 compares well 
with the experimental value of 0.552. 

1 5 7  



Table 1. Parameters used in the first-cycle-prediction 
numerical simulation. 

Thermal conductivity 
Aquifer 
Aquitard 

Heat capacity of rock 

Aquifer horizontal permeability 

Aquifer vertical-to-horizontal 

Aquitard-to-aquifer permeability 
ratio 

Porosity 

permeability ratio 

Aquifer 
Aquitard 

Storativity 
Aquifer 
Aquitard 

2.29 J/m-s-"C 
2.56 J/m-s-"C 

1.81 X lo6 J/m3-"C 

0.63 X lo-'' m2 
(63 darcies) 

1:7 

1 0-5 

0.25 
0.35 

6 X lo4 
9 x 10-2 

6or---l 

I I I 
20' 615 75 85 

Time (days) 

Figure 1. First-cycle production temperature calculated 
using a homogeneous aquifer model (curve A) and a three- 
layer aquifer model (curve B). [XBL 8211-26891 

FIRST CYCLE: DETAILED COMPARISON 
BETWEEN THEORY AND EXPERIMENT 

Next, a series of parameter studies was made to com- 
pare the experimental and calculated temperature fields 
at various times during the first cycle. These studies 
led us to hypothesize that the aquifer is vertically 
stratified into three layers, the middle layer (5 m thick) 
having a permeability 2.5 times that of the upper and 
lower layers (9.6 and 6.6 m thick, respectively), with 
the average transmissivity (permeability X thickness) 
equal to that of the homogeneous model. Using this 
model, the first-cycle recovery factor was calculated to 
be 0.579; the calculated production temperature is 
shown as curve B in Fig. 1. Apparently the layered 
structure of the aquifer noticeably lowers the recovery 
factor. This is significant because layering is difficult 
to detect through conventional well-test analysis. 

SECOND-CYCLE PREDICTION 
The procedure for the second cycle was similar to 

that for the first. Only the injection flow rate, tempera- 
ture history, storage period, and expected average pro- 
duction flow rate were made known to us. The three- 
layer aquifer model described above was used for the 
calculation. Water at an average temperature of 82°C 
was injected over a period of about 4.5 months. The 
variable experimental injection flow rates and tempera- 
tures were averaged into five segments for the numeri- 
cal simulation. The total volume injected, about 58,000 
m3, was considerably larger than the volume injected 
during the first cycle; hence the thermal radius 
extended farther (to about 38 m). However, this dis- 
tance is still small enough compared to the distance to 
the supply well to justify using an axisymmetric mesh. 
After injection, the hot water was stored for 34 d. 

The simulation of the original production plan-to 
produce all the injected water through the fully 
penetrating well screen that had been used throughout 
the experiment-was carried out using a constant fluid 
flow rate of 200 gpm. The recovery factor is 0.395; the 
production temperature is shown in Fig. 2. 

This production plan was changed, however, after two 
weeks of production. At that time, the well was shut 
down and modified to produce fluid from only the upper 
half of the aquifer; production was then resumed. This 
scenario was simulated using a constant flow rate of 
200 gpm. The recovery factor was calculated to be 
0.419, with production temperature as shown in Fig. 2. 
After the second-cycle calculation was completed, we 
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Figure 2. Second-cycle production temperature. [XBL 
821 1-26881 

received the experimental results: the recovery factor 
was 0.452, and the production temperature was as 
shown in Fig. 2. This is good agreement, considering 
the severe demands placed on the numerical model by 
the aquifer heterogeneity and the large thermal front 
tilting, both of which cause fluid flow to be very sensi- 
tive to permeability values. 

SECOND-CYCLE OPTIMIZATION 
STUDIES 

The improvement in production temperature and 
recovery factor attained by modifying the production 
well was rather small. This may have been because the 
lower part of the modified well screen intersected the 
high-permeability layer of the aquifer, and water may 
have been selectively produced from this cooler region 
rather than from the warmer upper region of the 
aquifer. In order to study the effects of different 
injection/production schemes, a series of numerical 
simulations based on the second cycle were run with 
different well-screen intervals. Each simulation used a 
simplified injection history consisting of one constant 
injection flow rate and temperature. Table 2 summar- 
izes these optimization simulations. Collectively, these 
results indicate that although buoyancy flow is strong in 
the aquifer, an improvement of almost 20% can be 
achieved by selective injection and production schemes. 

The heterogeneity of the aquifer and the large buoy- 
ancy flow present in this problem are important con- 
siderations in the understanding of hot water flow in an 
aquifer. Practically, they affect the energy recovery 
factor associated with the ATES system; theoretically, 
they impose a strict demand on the numerical modeling 
of the system. The successful prediction of the field 
experiment demonstrates that we have accounted for 
both effects properly in our calculations. 

Table 2. Second-cycle summary. 

Well-screen interval 
Energy recovery 

Iniection Production factor 

Experiment Full Full for 2 weeks, upper half thereafter 0.452 
prediction Full Full 0.395 

Full Full for 2 weeks, upper half thereafter 0.419 

Optimizations 
A Full Full 
B Full Upper 405% 
C Full Upper 20% 
D Lower half Upper half 
E Upper 20% Upper 20% 

0.407 
0.466 
0.496 
0.494 
0.504 
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IDENTIFICATION OF 
HYDRO!3TRATIGRAPHIC UNITS FOR 

NUMERICAL MODELING OF 
GROUNDWATER MOVEMENT IN 

STRATIFIED MEDIA 

C.R. Mlson and J.C.S. Long 

The concept of a hydrostratigraphic unit (HSU) was 
introduced by Maxey (1964) as a descriptive term to 
emphasize the hydrologic function rather than the geo- 
logic origin of a body of rock; Maxey defines HSUs as 
“bodies of rock with considerable lateral extent that 
compose a geologic framework for a reasonably distinct 
hydrologic system.” This concept is illustrated by the 
hypothetical geologic cross section in Fig. 1. Three 
sedimentary formations are shown to underlie a horizon 
of glacial drift. Formations A and C are moderately 
transmissive, fractured dolomites separated by the 
poorly transmissive shale of formation B. A highly 
transmissive weathered zone is found in the bedrock 
surface immediately beneath the glacial drift, and is 
present in all three formations. Because of its distinct 
hydrologic properties, this weathered zone 4 be 
identified as a separate HSU, even though it is not 
confined to a single geologic formation. There would 
be, in fact, five HSUs in Fig. 1: the glacial drift, the 
weathered zone, and the unweathered parts of forma- 
tions A, B, and C. 

The HSU serves as a means for reducing a geologi- 
cally and hydrologically complex natural system to a 
simpler form, but one that is still sufficiently accurate 
to treat the problem at hand. The criteria used to iden- 
tify HSUs must therefore be related to the questions 
that the simplified model is supposed to answer. HSUs 

were originally introduced to assist the development of 
conceptual models for regional groundwater movement. 
More recently, however, HSUs have been identified as 
the basis of numerical models for studying regional 
flux. Use in numerical models places additional restric- 
tions on the identification of HSUs because model ele- 
ments are assumed to be homogeneous whereas geologic 
media are inherently heterogeneous. 

CONSIDERATIONS IN IDENTIFYING 
HSUs FOR NUMERICAL MODELING 

Numerical modeling of groundwater flux normally 
requires subdivision of the geologic media into elemen- 
tal volumes with uniform hydrologic properties. 
Because it is impractical to separately measure the pro- 
perties of each individual volume, it has been found 
useful to identify these elemental volumes with HSUs 
and consider the properties of each volume within a 

Glociol 

Figure 1. Hypothetical geologic section, showing a weath- 
ered zone that cuts across geologic formations and forms a 
distinct HSU (after Maxey, 1964). [XBL 837-1931] 
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given HSU to be essentially the same. Further, numer- 
ical models for groundwater movement generally treat 
the geologic media as continua, ignoring the fact that 
regional groundwater movement is often controlled by 
highly discontinuous fracture systems. 

In adapting the HSU concept to provide a simplified 
framework for regional flux modeling, three basic cri- 
teria must be met. First, the HSU must be divisible 
into elemental volumes, each of which is large enough 
to contain a representative sample of geologic hetere 
geneities so that its hydrologic properties are members 
of the same statistical distribution as the properties of 
other volumes within the same HSU. Second, the rock 
within each elemental volume must be shown to behave, 
on the scale of that volume, as a continuum. Third, the 
hydraulic gradients within each elemental volume must 
provide a uniform hydraulic stress on the hetere 
geneities within that volume. From these criteria, it 
can be seen that the HSU is specific both to the type of 
hydrologic behavior being considered (e.g., flux) and to 
the hydraulic gradients associated with the field prob- 
lem being studied. 

REQUIREMENT FOR REPRESENTATIVE 
VOLUMES 

Identification of HSUs will require a demonstration 
that the unit is divisible into elemental volumes with 
similar hydrologic properties. That is, there must exist 
test volumes on a scale smaller than the volume of the 
unit itself for which all measurements of a given hydm 
logic property will be members of the same statistical 
distribution. An example of such a property is 
hydraulic conductivity. This requirement is routinely 
assumed in constructing numerical models because of 
its value in estimating hydrologic properties at unmeas- 
ured locations. Despite its widespread use, the actual 
distribution is rarely measured in the field because of 
economic considerations. 

An example of how a representative volume might be 
identified in the field is shown in Fig. 2 for the case of 
a stratified sequence of basalt flows. On the smallest 
scale-that of individual fractures-the magnitude of 
the hydraulic conductivity, for example, is likely to be 
highly variable. On the slightly larger scale of a princi- 
pal component of an individual basalt flow, such as the 
entablature, it may be possible to identify representa- 
tive volumes because the hydraulic conductivity 

/---- IEV for Entablature 
and Gdonnldc 

I I  
I 

Test "OlYme Y 

D.m.,n of Domain of Multtplc Domain of Entablature 
Colonnade and Flow Top 

Multiple Flows 
D ~ .  F,ylu,.l Fractures within 

Enublature and Cdmnad@ areccra 

Figure 2 Schematic identification of representative volumes 
and two representative elementary volumes (REVS) as applied 
to a sequence of basalt flows (after Hubbert, 1956). [XBL 
81 1@12138A] 

becomes stabilized over a range of test volumes. As the 
size of the test volume increases to include combina- 
tions of entablatures and flow tops, an increased varia- 
tion in hydraulic conductivity may be anticipated until 
enough flows are included to obtain a sufficiently large 
sample of heterogeneities that the effects of the indivi- 
dual flow units are averaged and the hydraulic conduc- 
tivity again becomes stabilized over a range of test 
volumes. 

Ranges of test volumes over which the magnitude of 
the hydrologic parameter is reasonably stable can be 
considered to be representative volumes. The smallest 
such representative volume in any given range is called 
the representative elementary volume (REV). In the 
case of properties that have directional characteristics, 
such as hydraulic conductivity, their orientations must 
also be shown to stabilize. If tests conducted on similar 
volumes in different parts of the prospective HSU yield 
results in a single distribution, the requirement that the 
HSU contain representative volumes will have been 
satisfied. 
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REQUIREMENT FOR CONTINUUM 
BEHAVIOR 

If the HSU is being identified for use in a continuum 
model, in addition to showing that hydrologic behavior 
is similar throughout the HSU when measured on an 
appropriate scale, it must also be shown that the hydro- 
logic behavior approximates that of a continuum on that 
same scale. Continuum behavior is normally assumed 
when modeling regional groundwater movement because 
of its simplicity and the relative success that this 
approximation has enjoyed in treating porous media. 
Applying the continuum approximation to fractured 
media has not always been successful, and research is 
currently underway at Lawrence Berkeley Laboratory to 
develop methods for determining when such an approxi- 
mation is appropriate (Long et al., 1982). The research 
completed to date has emphasized continuum behavior 
with regard to flux. The uniformity of the permeability 
ellipsoid generated when the heterogeneous medium is 
subject to flow under a uniform hydraulic gradient has 
been used as the principal indication of continuum 
behavior. 

REQUIREMENT FOR UNIFORM 
HYDRAULIC STRESS 

A uniform hydraulic gradient stresses the effect of 
each heterogeneity equally, while a nonuniform gra- 
dient stresses them differently. Under a nonuniform 
gradient the bulk hydrologic response would shift to 
reflect the properties of the part of the system that 
received the greatest stress. For a model element under 
such conditions, a unique permeability tensor could not 
be found to predict flow under an arbitrary direction of 
gradient. Therefore, in establishing the element grid 
for the field problem, the elements must be sized such 
that the field gradient across each element is approxi- 
mately uniform. If not, the conditions under which 

equivalent continuum behavior was demonstrated will 
not be duplicated, and continuum behavior can no 
longer be guaranteed. The requirement for uniform 
hydraulic stress across elemental volumes will in prac- 
tice determine a maximum size for these volumes in 
any given part of the model and relate the identification 
of appropriate HSUs to the nature of the field problem. 

CONCLUSIONS 
Identification of HSUs for groundwater modeling will 

require that all three of the above conditions be met. 
The boundary conditions of the particular problem and 
the hydrologic properties of the geologic media will 
determine the uniformity of hydraulic gradients. This 
uniformity requirement will in turn dictate the max- 
imum size of the elemental volumes in any given part 
of the study area. The continuum requirement must 
then be applied to determine whether continuum 
behavior can be identified on a scale smaller than or 
equal to the maximum size of the elemental volumes. 
Finally, the representative volume criterion must be 
applied to determine the range of volumes over which 
stable hydrologic properties can be expected. The 
HSUs that best meet these requirements must then be 
identified and an iterative process of refinement pursued 
until the accuracy of the hydrologic model is deter- 
mined to be adequate. 
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PARAMETER ESTIMATION IN AN 
UNCONFINED AQUIFER 

Zunguo Hu, T.  N. Narasimhan, J.S. Y; Wang, 
and P. A. Witherspoon 

In evaluating fluid flow through porous media, 
numerical modeling is a very powerful tool for dealing 
with complex geometry and heterogeneous multidimen- 
sional flow regions. Finite difference methods, finite 
element methods, and integrated finite difference 
methods have been used successfully for solving 
steady-state and nonsteady-state flow in groundwater 
systems. However, the efficiency of numerical simula- 
tion depends on the quality and accuracy of the various 
hydrogeologic and hydrologic parameters, including per- 
meability, storage coefficient, vertical infiltration 
coefficient, and so on. The inverse problem, or parame 
ter estimation, in groundwater aquifers is essential for 
the characterization of aquifer conditions and the predi- 
cation of future groundwater production capacity 
(Yakowitz and Noren, 1976; Yakowitz, 1977; Wilson 
and Dettinger, 1978; Neuman, 1979). This is especially 
true when the groundwater flow region is large. 

In contrast to the high level of sophistication that has 
been achieved in the development of numerical methods 
for simulating aquifer behavior, progress in the area of 
parameter estimation has been relatively modest (Neu- 
man and Yakowitz, 1979, 1980). There are two main 
problems associated with parameter estimation. Some 
of the parameters are very sensitive to small changes in 
groundwater level and well production data. Moreover, 
the solutions of the inverse problem are frequently 
nonunique. 

This article summarizes a new approach to the prob 
lem of estimating aquifer parameters from the non- 
steady-state water table and from well production data. 
The method is based on linearization of the transient 
groundwater equation. The formulation is simple and 
the solutions unique. The method has been applied to a 
large unconfined aquifer in China to demonstrate its 
accuracy. Presented here are the theoretical basis, 
numerical formulation, and a case study. 

THEORY 

ous aquifer, the governing Fourier equation is 
For nonsteady flow with free surface in a heterogene- 

ah 
at ’ V .  T V h  - Q  = S -  

(4) 

where x ,y  represent position in the (x,y) plane, V is 
the Laplacian, h is groundwater table (L), T is the 
transmissibility (L*/t), S is the storage coefficient, Q 
is the source term including well production and rain- 
fall infiltration (L/t), K is the permeability (L/t), q is 
the prescribed fluid flux (L/t) on the aquifer boundary 
r, D is the prescribed flux on the free surface FS, and 
n is the unit outer vector normal to r. 

The whole aquifer is divided into a system of small 
subregions by the integrated finite difference method 
(IFDM). Within each subregion the groundwater head 
is assumed to vary linearly. Each nodal point is charao 
terized by transmissibilities, storage coefficients, and 
infiltration coefficients, which are assumed to be con- 
stants over all time steps. Figure 1 shows an element 
whose average properties are associated with a represen- 
tative nodal point I ,  which may be located anywhere 
within or on the boundaries of the element. To minim- 
ize truncation errors, the interface between elements 
should be perpendicular to the line joining the two 
nodal points and intersect that line at a mean position 
as closely as possible. When the aquifer is heterogene- 
ous and two neighboring elements 1 and m are com- 
posed of different materials, we use the arithmetic mean 
value of KI,,, to represent the mean interface permeabil- 
ity 

The arithmetic mean, Klm, is linear in KI and K,,, and 
is an approximation to the harmonic mean frequently 
used in IFDM to preserve continuity of flux at the 
interface. With the IFDM discretization and the arith- 
metic coefficient evaluation, the mass balance equation 
for each nodal point within the time step At = t i+l - ti 
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Figure 1. Element associated with nodal point I (after 
Narasimhan and Witherspoon, 1976). [XBL 807-7236] 

can be written in the form 

TI + T m  
m 2 ] [ d , : d ,  ] 

where we use three time steps for each nodal point. 
In principle, solving this set of equations, we can 

obtain aquifer transmissibility, storage coefficients, and 
infiltration coefficients. However, a large number of 
calculations show that the transmissibility values are 
extremely sensitive to small changes in water level and 
well production data. The reason is that the small 
errors in the data can result in very large errors in the 
evaluations of derivatives (Neuman, 1979). To over- 
come this difficulty, we estimate transmissibility values 
for each nodal point from pumping test data in the 
above set of equations and use the water level and well 
production data of two time steps to get storage 
coefficients and infiltration coefficients of all nodal 
points in the flow region. 

CASE STUDY 
Water levels and well production data for an 

unconfined aquifer located in the northern plains of 
China have been collected during 1977-1980. The 
aquifer is composed of fine sands, and the region under 
study is about 18.3 km2. The climate of the study area 
is dry or semidry with an evaporation rate more than 
twice that of the rainfall. The average precipitation per 
year is about 500 mm, of which 70-80% is distributed 
from July to October. Typically, from February to 
June a large amount of groundwater is withdrawn, with 
the water level drawn down to its lowest annual posi- 
tion. From July to October, rainfall infiltration is a 
dominant aquifer recharge mechanism. On an average, 
the groundwater level is 2.5 m below the ground sur- 
face. The balance of groundwater in this area is con- 
trolled by pumpage and rainfall. 

The aquifer transmissibility (estimated from pump 
tests), initial water levels (on February 28, 1977), and 
well production and rainfall data of two time steps for 
each nodal point are given in Table 1.  

Using these data in the set of simultaneous equations, 
and solving the matrix equations with a CDC-7600 com- 
puter, we obtained storage coefficients and infiltration 
coefficients for all nodal points in the flow region by the 
inverse method (Table 2). 

To check the accuracy of the parameter estimation 
based on the linealized equations, the solutions of the 
inverse problem have been used successfully in program 
TERZAGI to reproduce 274 days of water level varia- 
tions in the sample problem. The comparison of IFDM 
results with observed data is shown in Table 3. 

The close agreement between the calculated solution 
and the observed water level is very encouraging. It 
indicates that a set of data over two time steps can be 
used to estimate meaningful parameters over all the 
nodes of the flow region. The set of estimated parame- 
ters obtained from our single approach can then .be used 
for prediction of future water levels. 
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Table I .  Input data. 

Point no. 
~ 

1 

2 
3 
4 

5 
6 
7 
8 
9 

I O  
1 1  

I2 
13 
14 
15 
16 
17 

Initial 
water level Transmissibility 

( m) (m2/day) 

16.70 120 
16.03 130 
16.36 130 
16.53 130 
16.37 120 
16.35 111 

16.62 100 

16.82 120 
16.71 140 
16.36 I50 
16.05 100 

16.18 I44 
16.40 120 
16.18 150 
16.65 125 
16.58 1 I O  
16.50 105 

Well Well 
production production 

( m3/ 150 days) ( m3/ 124 days) 

33.1 14 0 
20,229 0 
65,741 0 
44,353 1451 
51,384 3120 
38,879 40,207 
24,503 3988 

0 2100 
62,172 705 
82,585 8560 
69,129 0 
66,673 2868 
68.799 9111 
54,873 14,133 
33,522 1267 
24330 2933 
8331 8615 

Rainfall Rainfall 
( m3/ I50 days) ( m3/ 124 days) 

17,375 466,500 
78,300 209,925 

104,400 279,900 
78,300 209,925 
69,600 186,600 

121,800 326,550 
78,300 209,925 
78,300 209,925 

252,300 676,425 
295,800 793,050 
130,500 349,875 
156,600 419,850 
217,500 583,125 
287,100 769,725 
69,600 186.600 

304,500 816,375 
26,100 69,975 

Table 2. Computed solution. 

Storage Infiltration 
Point no. coefficient coefficient 

~~ 

1 

2 

3 
4 

5 
6 

7 

8 

9 

I O  
11 

12 

13 

14 

15 

0.025 

0.010 
0.020 
0.027 

0.033 
0.0023 

0.014 
0.020 

0.097 

0.0062 

0.018 
0.026 

0.036 

0.027 

0.019 

0.073 

0.0033 

0.19 
0.17 

0.16 
0.013 

0.17 

0.11 
0. I7 

0.0027 

0.064 

0.027 

0.15 

0.18 

0.083 

16 0.0077 0.035 

17 0.0028 0.01 1 
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Table 3. Comparison of observed and computed water levels. 

Observed (m) TERZAGI (m) Observed (m) TERZAGI (m) 
Point no. (150 days) (274 days) 

1 15.29 15.30 15.97 16.05 

2 13.97 13.99 

3 14.13 14.14 

4 14.80 14.79 

5 14.48 14.92 

6 14.05 14.40 

7 15.39 15.33 

8 

9 

10 

11 

12 

13 
14 

15 

16 

17 

16.36 

16.49 

13.80 

13.86 

14.55 

15.39 
15.65 

14.71 

15.90 
14.38 

16.34 

16.49 

13.95 

13.92 

14.54 

15.35 
15.65 

14.71 

15.89 

14.29 

5.72 15.76 

6.83 16.79 

6.74 16.72 

6.62 16.62 

6.30 16.28 

8.10 18.09 

17.35 

17.00 

16.44 

15.98 

15.76 

16.32 
16.95 

17.06 
17.20 

16.68 

17.39 

17.03 

16.61 

16.03 

15.81 

16.39 
17.05 

16.91 

17.23 
16.29 

GEOMETRY IMBEDDING AN INTEGRAL 
APPROACH TO DARCY’S LAW 

T.N. Narasimhan, Zunguo Hu, and K.P. Goyal 

The classical expression for Darcy’s law relates flux, 
Q, to the gradient of fluid potential as follows: 

Because of the form of the expression, one is required 
to compute the gradient of potential in order to com- 
pute flux using discretely distributed potentials. Since, 
by definition, gradient involves infinitesimals, accurate 
evaluation of potential gradient demands that the 
discrete points at which potentials are known be located 
as closely together as possible. It is for this reason that 
accurate numerical simulation of hydrogeologic systems 
requires a sufficiently large number of mesh points and 

grid blocks. It stands to reason, therefore, that if one 
can express Darcy’s law in a form that does not involve 
the use of a gradient term, then one may avoid the need 
for infinitesimals and consequently minimize 
significantly the number of mesh points or grid blocks 
otherwise required for numerical modeling. 
Narasimhan and Goyal (1981) introduced the concept 
of geometric imbedding, which is specifically designed 
to provide the required alternate expression for Darcy’s 
law. This report summarizes the concept of geometry 
imbedding and illustrates its applicability to a well- 
known groundwater flow problem. 

GEOMETRY IMBEDDING 
Darcy’s original experiment involved steady-state flow 

through a sand column of uniform cross-sectional area. 
In this special case, not only is the fluid flux through 
the column constant, but the gradient of potential along 
the length of the column is also constant. Suppose, 

~~ 

however, that the column is of nonuniform cross sec- 
tion. Under steady conditions of flow, Q will be con- 
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stant, but the gradient of potential will vary along the 
length of the tube as dictated by the geometry of the 
tube. In this case it is preferable to express Q in a 
form that does not involve the use of a gradient. One 
way to do this is to balance the pressure force that 
impels water to flow in the direction of decreasing pres- 
sure against the frictional force exerted by the 
Newtonian fluid and its body forces. It can thus be 
shown that, for steady flow conditions, 

Q = - K  

where Acp is the drop in potential from one end of the 
tube to another, A ( x )  is the cross-sectional area of the 
tube, which varies along the direction of flow, x ,  and 
x 1  and x 2  are the x coordinates of the ends of the tube. 
Equation (2) is equivalent to Eq. ( l ) ,  but does not 
involve the use of the spatial gradient of potential. If 
the tube geometry is known exactly, then one can deter- 
mine Q exactly simply by using the discrete potential 
drop along the tube. In this way we avoid the question 
of truncation error, which usually arises in evaluating 
gradients from discrete data. As an example, if we con- 
sider radial flow and consider the flow tube to be a 
cylindrical shell of height H and bounded by an inner 
surface 2 m l H  and an outer surface 2ux2H, then 

x 2  

Hence 

Or, as another example, if we consider a spherical sys- 
tem and consider a spherical shell bounded by two sur- 
faces, 4n-q: and 4 ~ 2 2 ,  then 

THE TRANSIENT FLOW EQUATION 
We now wish to incorporate Eq. (2 )  into an integral 
rm of the transient flow equation. Consider volume 
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Figure 1. Sketch showing a volume element in a nonuni- 
form flow channel. (XBL 837-1910] 

element 2 shown hatched in Fig. 1, which is bounded 
by two permeable surfaces rL and r R .  The “average” 
isopotential surface (analogous to a nodal point) for ele- 
ment 2 is located at X2. For this element the continuity 
equation is 

where a is the flux into element 2 across r i ,  V2 is the 
bulk volume of element 2, S, is specific storage and aG2 
is the “average” change in potential over 2. In view of 
Eq. ( 2 ) s  

(7) 

and 

f 3  

where SI, &, and 5, are “average” potentials over ele- 
ments 1, 2, and 3. It is now necessary to define the 
average potential & and its location X2 over element 2. 

Thus we define 



where 4 is the potential, which is a function of x 
within element 2. We now postulate that Z2 under 
these conditions should satisfy 

r 1 

for a system in which K and Ss are independent of 
time. It is clear from Eq. (10) that i2 is purely a func- 
tion of geometry. For example, in the case of radial 
symmetry, considered in Eq. (3), 

= x ,  exp [- a 21na - +I, (11) a ’ -  I 

where a = x z / x I .  In view of Eqs. (7), (8), and (9), 
the governing equation, Eq. (6 ) ,  becomes 

S% X1 S i k  f 2  

steady as assumed by Warren and Root. An analytic 
solution for this problem was developed by G.S. Bod- 
varsson and T. Lai (personal communication, 1982) 
using numerical inversion of the Laplace transform. 
Bodvarsson and Lai numerically verified the analytic 
solution using the conventional integrated finite 
difference method (IFDM). They obtained acceptable 
accuracy using over 700 grid blocks (100 in the fracture 
continuum and 600 in the rock continuum). We solved 
the same problem on the basis of Eq. (12) using 65 
volume elements (13 in the fracture continuum and 52 
in the rock continuum). We used the IFDM program 
T R W  without any modifications. Our numerical I 
solutions compared very well with the analytic solution. 
The geometry-imbedding technique provides very good 
accuracy with extremely coarse meshes with the number 
of grid blocks reduced by more than an order of magni- 
tude as compared with the standard IFDM procedure. 

CONCLUSION 
A new technique called geometry imbedding has been 

developed to express Darcy’s law in an integral form. 
This technique helps to drastically reduce truncation 
errors in numerical modeling using very coarse meshes. 

APPLICATION 
Using Eq. (12) as a basis, we solved the problem of 

transient radial flow to a well in a “double-porosity” 
system representing a fractured porous medium. This 
problem is similar to the well-known Warren-Root prob- 
lem (1963) except that the flow from the blocks to the 
fractures is fully transient rather than being quasi- 
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FIELD MEASUREMENT OF HYDROLOGIC 
PROPERTIES OF GEOLOCIC MEDIA 

CONTROLLING VERTICAL 
GROUNDWATER MOVEMENT 

I.  Javandel 

disposal sites to the accessible environment. If such 
movement is encouraged by unfavorable conditions, 
such as an upward hydraulic gradient and relatively 
permeable geologic zones, it could jeopardize the safe 
underground disposal of nuclear waste and other toxic 
substances. Therefore, a thorough knowledge of the 
hydrologic properties controlling vertical groundwater 
movement is very important. 

The most important hydrologic properties and param- 
eters that control the vertical movement of groundwater 
and its travel time are porosity, hydraulic conductivity, 
and storativity of the materials as well as the hydraulic 

Vertical groundwater movement through geologic for- 
mations generally constitutes the shortest path for tran- 
sport of contaminated fluid from underground waste 
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head distribution within the formations surrounding the 
waste. Determination of these properties in aquifers 
has been a routine task for several decades. In tight 
formations or lightly fractured media, which have little 
or no significance from a water supply point of view, 
methods for determining these properties are not well 
developed. During recent years the need for informa- 
tion has increased, and some newer techniques have 
been introduced. However, these methods are far from 
being complete, and in some cases there is much room 
for improvement. This article briefly discusses some of 
the techniques for measuring the properties and param 
eters mentioned above and then evaluates the applica- 
bility of those techniques to low-permeability forma- 
tions. 

MEASUREMENT OF POROSITY 
Two types of field tests are available for measurement 

of porosity. Logging techniques such as the sonic log, 
density log, and neutron log are well developed, but 
they can respond only to the porosity of a small part of 
the medium around the borehole (Schlumberger, 1972). 
Therefore, a large number of wells are required to give 
a clear picture of the porosity variation within the 
medium of interest. In addition, these techniques nor- 
mally provide the total porosity, whereas the 
hydrologically effective porosity is the parameter of 
principal interest in groundwater movement. 

Tracer methods have been used for determining the 
effective porosity of highly permeable formations. 
Grove and Beetem ( 1971) and Classen and Cordes 
(1975) employed a two-well tracer technique to deter- 
mine the porosity of highly conductive fractured car- 
bonate aquifers in New Mexico and Nevada, respec- 
tively. For materials with permeabililty on the order of 

m/s or less, however, the travel time of a tracer 
from one well to another a reasonable distance away is 
too long to be practical. As a result the conventional 
field methods of porosity measurement do not seem to 
lend themselves to measurement of a large volume of 
low-permeability rocks. It appears that new techniques 
are needed for the field measurement of porosity in 
tight rock formations. 

MEASUREMENT OF HYDRAULIC 
CONDUCTIVITY 

Two types of field tests are generally used to deter- 
mine the vertical hydraulic conductivity of geologic 
materials: single-well tests and multiple-well, large- 

scale pumping tests. 
Several procedures for calculating vertical conduc- 

tivity from single-well techniques have been presented 
by Bums (1969), k a t s  (1970), and Hirasaki (1974). 
As is true for logging techniques, the hydraulic conduc- 
tivity measured by a single-well test is representative 
only of a small zone around the testing interval. Since 
a large number of these tests are required to give an 
overall distribution of the vertical hydraulic conduc- 
tivity, cost effective application of these methods may 
be limited to either relatively shallow formations or to 
an underground test facility. 

Burns’ (1969) test, as modified by the author, will be 
described as an example of a single-well test. This test 
will determine both the vertical and horizontal permea- 
bility in the vicinity of a single well. The test can be 
performed with several alternative arrangements of 
downhole equipment. Two useful arrangements pro- 
posed by Burns are illustrated in Fig. 1. The procedure 
for the more simple test (Fig. 1A) will be described 
here. For further detail, the reader is referred to Burns 
(1969). 

A well is drilled into the zone of interest, cased, and 
cemented. This zone is then separated into two zones 
by means of a packer, and the casing is perforated at 
both zones. Water pressure is monitored independently 
in each zone until equilibrium conditions are 

A 0 

Figure 1. Downhole equipment arrangements for vertical 
well tests: (A) singleinterval test, and (B) multiple-interval 
test with sliding sleeve (after Burns, 1969). [XBL 82&837] 
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established. Water is then injected into or pumped 
from the upper zone at a constant rate, which is accu- 
rately monitored. Water pressure is simultaneously 
monitored in both zones, and injection or production is 
continued until the pressure change in the lower zone 
reaches at least 10 times the sensitivity of the gauge. 
Pressure should continue to be monitored in both zones 
after injection or production has stopped for a period 
equal to at least 20% of the elapsed flow time. 

This method is based on the derivation of pressure 
changes due to a vertical line source of finite length in 
a homogeneous, anisotropic infinite aquifer bounded 
between two impermeable layers. The accuracy of the 
results relies heavily on the assumption that the two 
zones are hydraulically isolated from each other except 
through the geologic formation. Leaks in the packer 
seal, for example, could result in an abnormally high 
vertical permeability measurement. In addition, the 
value of permeability will correspond to a relatively 
small volume of the geologic medium adjacent to the 
test zone. If the well has skin damage or if the cement 
or drilling mud has penetrated into the formation, the 
calculated vertical permeability would be lower than the 
actual value. 

Multiplewell pumping tests are based on the 
hydraulic response of a much larger volume of rock. 
Thus the value of the hydraulic conductivity obtained 
from these tests is usually more representative of the 
formation. The only problem with these tests is that 
they may not be practical once the permeability of the 
formation becomes very low. Wells completed in 
materials of very low permeability are unable to pro- 
duce fluid for the required period of the test. Although 
fluid could be injected into these wells, it might take 
years before any useful response could be measured in 
observation wells at distances of even 5 to 10 m. 

Various theories of leaky aquifers given by Hantush 
(1956, 1960), Witherspoon and Neuman (1967), and 
Neuman and Witherspoon (1969, 1972) can be applied 
to estimate a combination of vertical conductivity and 
storativity of the leaky confining layers. Each of these 
methods approaches the problem in a different way. 
However, none of them can independently give the vert- 
ical conductivity of the less permeable layers (called 
aquitards or aquicludes). Each method requires that 
the value of storativity of those layers be estimated 
before calculating the vertical hydraulic conductivity. 

The ratio method of Witherspoon and Neuman 
(1967) will be discussed as an example of a multiple- 
well test. This method provides an estimate of the 

vertical diffusivity (the ratio of vertical hydraulic con- 
ductivity to specific storage) of the the aquitard based 
on the measured drawdown in the aquitard in response 
to pumping (or injection) in the adjacent aquifer. 

To perform this test, a pumping well is completed 
through the total thickness of the aquifer, and an obser- 
vation well is completed in the aquifer and aquitard 
some distance from the pumping well. Water pressure 
is independently monitored in the observation well 
within the aquifer and in three isolated zones within 
the aquitard, as shown schematically in Fig. 2. As with 
the single-well test, water pressure should be monitored 
before the start of the test to assure that equilibrium 
conditions are established. The pumping well is then 
produced at a constant rate until at least half a meter 
of drawdown is observed in the middle zone in the aqui- 
tard. Pressures should continue to be monitored for at 
least a few days after pumping has stopped. 

The ratio method is limited to determining the verti- 
cal diffusivity of the aquitard; thus the specific storage 
must be determined by an independent means before 
the vertical hydraulic conductivity can be separately 
determined. One approach to overcoming this difficulty 
is described by Leahy (1976). An additional constraint 
is that the analysis assumes that the pressure perturba- 
tion does not completely penetrate the aquitard. The 
uppermost pressure monitoring zone in the aquitard in 
Fig. 2 is intended to indicate whether this occurs in a 
specific application. 

PUMP1 N G  WELL 

Q- 

AQUICLUDE 

K '  

TO RECORDER 

TRANSDUCERS 

Figure 2. A suggested arrangement for conducting a ratio- 
method ta t .  [XBL 826-8431 
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MEASUREMENT OF STORATIVITY 
The storativity of permeable layers can be easily cal- 

culated by interpretation of pump test data. However, 
as was mentioned before, the storativity of the lower- 
permeability layers such as aquitards and aquicludes 
cannot be directly calculated from these kinds of tests. 
The value of the storativity of different formations is 
sometimes estimated by rule of thumb. However, since 
the value of storativity reported for different formations 
varies by several orders of magnitude, one could easily 
choose a value that is an order of magnitude off. More 
study is therefore needed for determining the storativity 
of low-permeability materials. 

CONCLUSION 
The evaluation of properties and parameters control- 

ling the vertical component of groundwater movement 
through the geologic materials around radioactive waste 
repository sites and other toxic waste substances is an 
essential task of data base preparation for effective 
hydrologic modeling. This modeling, in turn, is an 
essential part of site evaluation. Vertical groundwater 
movement is controlled essentially by three basic hydre 
logic properties-porosity, vertical hydraulic conduo 
tivity, and storativity-as well as by the gradient of the 
hydraulic head. Determination of these properties in a 
formation with a relatively high permeability is a rou- 
tine task for hydrologists. In low-permeability materi- 
als, however, determination of these items is a challeng- 
ing task that requires further research. 

REFERENCES 
Burns, W . k ,  Jr., 1969. New single-well test for deter- 

mining vertical permeability. Transactions, AIME., 

Classen, H.C., and Cordes, E.H., 1975. Twewell recir- 
V. 246, p. 743-752. 

culating tracer test in fractured carbonate rock, 
Nevada. Hydrological Sciences-Bulletin, v. XX, 
no. 3, p. 367-382. 

Grove, D.B., and Beetem, W.A., 1971. Porosity and 
dispersion constants for a fractured carbonate 
aquifer using the two well tracer method. Water 
Resources Research, v. 7, no. 1, p. 128-134. 

Hantush, M.S., 1956. Analysis of data from pumping 
tests in leaky aquifers. Transactions of the Ameri- 
can Geophysical Union, v. 37, p. 702-714. 

Hantush, M.S., 1960. Modification of the theory of 
leaky aquifers. Journal of Geophysical Research, 
v. 65, no. 1 1 ,  p. 3713-3726. 

Hirasaki, G.J., 1974. Pulse tests and other early tran- 
sient pressure analysis for in-situ estimation of 
vertical permeability. Transactions, AIME, v. 257, 

Leahy, P.P., 1976. Hydraulic characteristics of the 
Piney Point aquifer and overlying bed near Dover, 
Delaware. Delaware Geological Survey Report of 
Investigation No. 26, 24 p. 

Neuman, S.P., and Witherspoon, P A ,  1969. Applica- 
bility of current theories of flow in leaky aquifers. 
Water Resources Research, v. 5, no. 4, p. 817-829. 

Neuman, S.P., and Witherspoon, P.A., 1972. Field 
determination of the hydraulic properties of leaky 
multiple aquifer systems. Water Resources 
Research, v. 8, no. 5, p. 1284-1298. 

Prats, M., 1970. A method for determining the net 
vertical permeability near a well from in-situ meas- 
urements. Transactions, AIME, v. 249, p. 637-643. 

Schlumberger, 1972. Log Interpretation, Principles 
(Vol. 1). New York, Schlumberger Ltd., p. 37-56. 

Witherspoon, P.A., and Neuman, S.P., 1967. Evaluat- 
ing a slightly permeable caprock in aquifer gas 
storage. 1. Caprock of infinite thickness. Transac- 
tions, AIME, v. 240., p. 949-955. 

p. 75-90. 

171 



TRANSIENT FLOW TO A PARTIALLY 
PENETRATING WELL IN A TWO-LAYER 

AQUIFER 

I.  Javandel and P. A. Wtherspoon 

The behavior of a layered aquifer under the influence 
of a pumping well is a problem of interest in the fields 
of hydrogeology, geothermal engineering, and 
petroleum engineering. Numerous papers have been 
written on various aspects of this problem. Hantush 
and Jacob (1955) have presented solutions for steady- 
state flow to a well draining one of the layers of a two- 
layer bounded aquifer. Lefkovits et al. (1961) studied 
the transient performance of a stratified bounded reser- 
voir where the producing well is completely penetrating 
and there is no crossflow. Papadopulos (1966) has stu- 
died the same problem for two layers of infinite areal 
extent. A similar problem, but with crossflow between 
adjacent layers, has also been investigated by Katz 
(1960) and Russell and Prats (1962) for the case of 
constant head at the wellbore and by Jacquard (1960) 
for constant flow rate. Recently, Javandel and Wither- 
spoon (1980) studied the problem of flow to a partially 
penetrating well in a twdayer aquifer where the well is 
open in the top layer and the lower layer is considered 
to be infinitely thick. 
In this paper we shall present an analytic solution to 

the problem of transient flow to a partially penetrating 
well that is open in the top layer of a twdayer system 
where both layers are of finite thickness. A solution for 
the case where the well is open only in the lower layer 
has been given elsewhere (Javandel and Witherspoon, 
1982). Crossflow is permitted at the interface between 
the two layers. Asymptotic forms of the solution for 
small and large values of time are developed from the 
general solution. The analytic solutions are evaluated 
numerically, and results are presented in dimensionless 
form on semilogarithmic plots for a few different 
parameters. Application of these results forms the basis 
of a proposed method for interpreting pumptest data in 
two-layer aquifers. 

GENERAL SOLUTION 
Let us consider an aquifer consisting of two layers 

that are confined above and below by impervious layers, 
as illustrated in Fig. 1. Each layer has its own flow 
properties, is finite in thickness, and extends radially to 

Figure 1. 
well partially penetrating the upper layer. [XBL 797-7575] I 

Schematic diagram of a two-layer aquifer with a I 

I 

infinity. The interface between the two layers is an 
open boundary, meaning that no discontinuity of poten- 
tial or its gradient is allowed across this surface. The 
top layer of the system is partially penetrated by a well 
of infinitesimal radius for a length 1 from the top of the 
aquifer. If the well is pumped at a constant rate, Q, 
we are interested in determining the value of draw- 
down, s ( r , z , t ) ,  at any point in the aquifer after pump 
ing starts. 

The mathematical formulation of this problem reveals 
a nonuniform boundary condition along the axis of the 
well. In order to handle this nonuniformity, one can 
arbitrarily divide the top layer of the aquifer into two 
separate layers by considering an imaginary interface at 
the elevation z = h l  - 1. The system is then made of 
three layers, two of them having the same flow proper- 
ties. Let us now designate three different symbols for 
drawdown: s 1  for the top layer in the zone between the 
top of the aquifer and the imaginary horizontal plane 
passing through the bottom of the well; s2 for the bot- 
tom layer; and s3 for the zone between the bottom of 
the well and the top of the lower layer. 

By introducing the dimensionless parameters sD = 

I D  = l / h l ,  H = hZ/h1, D = a2/q, and A = 
K2h l / K l h  2, the expressions for dimensionless draw- 
down in the different layers may be given by the follow- 
ing set of equations: 

4 ~ K i h l s / Q ,  fD = f f1 t / r2 ,  r D  = r / h l ,  Z D  = z / h l ,  

r 

172 



cn r 

1 

2 + Z ; i ; e x p { -  00 B;  

n -1 

In the above equations t is time; J o  is the Bessel func- 
tion of the first kind and zero order; and K 1 ,  K2 and 
a,a2 are hydraulic conductivities and diffusivities of 
layers one and two, respectively. Definitions for f , ( x ) ,  
f 2 ( x ) ,  f 3 ( x ) ,  A', Bi,  B i ,  and B;, as well as the 
details of the derivation are given elsewhere (Javandel 
and Witherspoon, 1983). It has been shown that if the 
permeability of the lower layer vanishes, Eq. (1) will 
take the form of Hantush's (1957) solution for single- 
layer partial penetration. This provides an independent 
check on the two-layer solution. 

ASYMPTOTIC SOLUTIONS 

the solution for a single-layer aquifer, provided 
It can be shown that at early time, Eq. (1) reduces to 

For values of t D  less than this, the two-layer aquifer 
behaves as if the lower layer were absent. 

At large values of time and at radial distances that 
exceed the thickness of the system, the drawdown of 
the producing layer may be given by 

where 

The symbols SI ,  S 2  and T I ,  T 2  refer to storage 
coefficient and transmissivity of layers one and two, 
respectively. Equation ( 5 )  may be approximated by 

L. J 

' D l  1 + T2/T1  

This is a very interesting result because it indicates that 
a semilog plot of dimensionless drawdown versus dimen- 
sionless time will yield a straight line when the pump 
ing time becomes sufficiently large. The slope of this 
line will be 

When r D  L 1.5 [ 1 + T 2 / T 1 ]  the value of tD correspond- 
ing to sD,  = 0 will be given by 

Although Eq. (8) holds for large values of r D  as indi- 
cated above, Eq. (7) is true for all values of r D .  

DISCUSSION OF RESULTS 

Figure 2 shows a semilog plot of dimensionless draw- 
down versus dimensionless time to illustrate how the 
effects of partial penetration at different radial dis- 
tances in a twdayer aquifer differ from those for the 
single layer. One notes that at early values of time the 
solution for the two-layer aquifer coincides with that of 
the single-layer case. This was shown to be true from 
the general solution. At large values of time, the slopes 
of the curves are in agreement with the values obtained 
from Eq. (7). As is apparent in this figures, the slopes 
of the curves must converge to m = 2.3 when T2 = 0, 
which of course corresponds to the single-layer case for 
large values of time. 

Figure 3 illustrates the effects of partial penetration 
in the upper layer of a two-layer aquifer as the penetra- 
tion increases from 10% to 100%. As can be anticipated 
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Figure 2 Dimensionless drawdown versus dimensionless 
time for a two-layer aquifer compared with a singlelayer 
system. [XBL 826-844AI 

t D = a ,  t / r2 

Figure 3. Effect of penetration length of the pumping well 
on drawdowns of a twdayer system. [XBL 826-846AI 

from Eq. (7), the slopes of the curves at large values of 
time are independent of the depth of penetration. 

To illustrate the effect of transmissivity contrast 
( T 2 / T 1 )  on pressure drawdowns in an observation well, 
Fig. 4 has been prepared for a radial distance 
corresponding to r,  = 0.4. The figure shows that the 
effect of the second layer does not become significant 
until to > 10. 

ID=0.2.zD=I,0. ss2/ss,=l,o 

2t / 1 

Figure 4. Effect of transmissivity contrast on drawdowns of 
a two-layer system. [XBL 8212-43801 

APPLICATION TO AQUIFER PUMP TESTS 
If a well is completed through the total thickness of a 

twdayer aquifer and is pumped at a constant rate, the 
analysis of the results can yield only the transmissivity 
and storativity of a ‘single hydraulically equivalent sys- 
tem. However, if the well is completed in only one part 
of either layer of the system, the following procedure 
can be used to investigate the hydrologic properties of 
the individual layers. The properties of the layer being 
pumped can be determined from the early time response 
at an appropriately located observation well, and the 
properties of the unpumped layer can be determined 
from the late time response. 

Two different methods can be used to obtain results 
for the pumped layer: (1) the inflection method, and 
( 2 )  the type-curve method. Both methods are well 
documented (Hantush, 1961; Witherspoon et al., 1967). 

To obtain the hydraulic properties of the unpumped 
layer, one should construct a semilog plot of pressure 
drawdown data from a nearby observation well versus 
time. This plot should reveal a straight line if the 
pumping test has been run for a sufficiently large 
period of time. The slope m of this straight line can be 
used to obtain T 1  + T2 from 

Since K1 has been evaluated and h l  is known, T2 is 
readily calculated. If h2 is also known, K2 is easily 
determined. 
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TRANSIENT ANALYSIS OF 
GROUNDWATER FLOW IN FRACTURE 

NETWORKS 

B. Y; Kanehiro, C.R. Wilson, and K. Karasaki 
Groundwater flow in fractured rock masses occurs 

primarily within the fractures rather than within the 
rock matrix. This is because the fractures form an 
interconnected network of flow conduits that are more 
conductive than the low-permeability, intact rock. One 
approach to studying the hydrologic behavior of frac- 
tured rock masses is to study the properties of the net- 
work of fractures. This may be accomplished by 
approximating the fracture system as a network of inter- 
connected parallel plates with apertures identified to 
provide the appropriate flux under a given gradient. An 
example of such a model is presented in Fig. 1, where a 
detailed map of fracture traces is simplified to prepare a 
hypothetical, two-dimensional parallel-plate model of 
the hydraulically significant fractures. As is evident 
from this example, the development of such models 
requires field information on the geometric properties of 
the fracture system. For flux models, this information 
includes the lengths, orientations, density, and 
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hydraulic effective apertures of the significant fracture 
conduits. In most problems, the detailed geometry of 
the fracture system will not be known, and the 
geometric parameters will have to be developed in a sto- 
chastic way to generate fracture systems with the same 
statistical properties as those observed in the field. 

In gaining an understanding of the technical prob- 
lems involved in treating fractured rock masses, it is 
instructive to draw a comparison with porous media. In 
such media water flows through an interconnected net- 
work of tiny pore spaces between small grains of sand, 
silt, or clay. The role of this network of pores in con- 
ducting groundwater flow in a porous medium is analo- 
gous to that of a network of fractures in conducting 
flow in a fractured medium. A major difference, how- 
ever, is the scale of observation. In evaluating fluid 
movement in porous media*.g., the flow to a well-we 
are dealing with many millions of pores whose overall 
behavior may be easily averaged and approximated as a 
continuum. In evaluating similar fluid movement in 
fractured rock, however, we are dealing with relatively 
few fractures, so that the continuum approximation may 
no longer be valid. Methods for treating fractures as 
discrete conduits are needed to improve our understand- 
ing of the nature of fracture flow and to aid in 
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Figure 1. Example of the reduction of a complex network of 
interconnected fractures (top) to a simplified model of inter- 
connected parallel plates (bottom). The map of fracture 
trace lengths is of the floor of a drift at the 335-m level of a 
test facility in a granitic rock mass (from Thorpe, 1979, 
Fig. 6). [XBL 835-9561] 

determining when the simpler continuum approximation 
may be applied to fractured rock. 

PAST WORK 
Research by Snow (1965) spearheaded application of 

the parallel-plate model to networks of interconnected 
fractures. Snow’s work concentrated on stochastic 
descriptions of fracture orientation, density, and aper- 
ture, and considered all fractures to be very long com- 
pared with the study volume. This work was followed 
by the development of two steady-state, two-dimensional 
finite element network models (Wilson and Wither- 
spoon, 1970). One model treated fractures as line ele- 
ments in an impermeable rock matrix, and the other 
treated fractures as area elements in a permeable rock 
matrix. These models permitted treatment of fractures 
of arbitrary length as well as arbitrary orientation, den- 

sity, and aperture. The line element model was used by 
Long et al. (1982) to determine when the continuum 
approximation may be applied to fractured rock. 
Development of a transient model specifically adapted 
to the study of large fracture networks, however, has 
been lacking. 

IMPORTANCE OF TRANSIENT FLOW 
It is important to understand the nature of transient 

flow in fractured rock because many of the behavioral 
patterns we wish to predict are transient, and because 
most of the field tests used to measure hydrologic pro- 
perties are also transient. An understanding of tran- 
sient behavior is especially important in the interpreta- 
tion of field tests, because the objective of most such 
tests is to obtain an accurate measurement of the 
equivalent continuum properties of the rock. Criteria 
for defining the equivalent continuum permeability, for 
example, have been developed for steady-state condi- 
tions (Long et al., 1982), but the application of these 
criteria to the results of large-scale transient well tests 
is yet to be studied. A numerical model suitable for 
the study of transient behavior in large networks of 
fractures will be critical to such work. 

NUMERICAL CODE 
A numerical code, FRANET, has been developed 

recently for simulating transient flow in fracture net- 
works. The code is a finite element formulation that 
solves the transient flow equation for a two-dimensional 
fracture network. 

Flow Equation 

given by 
The continuity condition for a compressible fluid is 

where qi = the fluid velocity in the x direction, xi 
= the Cartesian coordinates, Q = sources or sinks per 
unit volume, p = the density of the fluid, 8 = the 
effective porosity. Utilizing Darcy’s law, defining 
specific storage, S,, such that 

and noting that water is only slightly compressible 
yields a governing equation for transient flow: 
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Since flow into the rock matrix is not considered, the 
twedimensional problem of the fracture network can be 
treated as a network of pipes in which only one- 
dimensional flow takes place in each of the pipes. A 
one-dimensional finite element formulation of the flow 
equation is therefore employed in the development of 
the numerical code. The code uses a mesh setup like 
that shown in Fig. 2, where all intersections are treated 
as node points. The number of nodes between intersec- 
tions may vary, depending on the specifics of the prob- 
lem being solved and the accuracy desired. 

The actual formulation used in the development of 
the code employs a relatively straightforward Galerkin 
approach, which may be found in works such as Zienk- 
iewicz (1977) and will not be discussed here other than 
to note that the computational problems associated with 
transient flow are substantially more difficult than those 
associated with steady-state flow. The general form of 
the element equation for the transient flow problem is 

[J$ + o [ B ] ‘ ] { h y + ”  = { F } ‘  

where [A], [B], and {F} are matrices. By comparison, 

Figure 2. 
locations of nodal points. 

Detailed view of fracture mesh, showing possible 
[XBL 835-1817] 

the element equation for the steady-state problem is 

The greater computer storage and number of calcula- 
tions required for a transient solution imposes 
significantly greater constraints on treatment of large 
fracture networks than for a steady-state solution. 

The transient code has been run for relatively small 
meshes for purposes of validation, and application to 
very large meshes is now under way. Samples of vali- 
dation runs are shown in Figs. 3 and 4. Since there are 
no adequate analytic solutions to transient fracture net- 
work problems, the code has been validated against sim- 
ple one-dimensional problems where analytic solutions 
do exist, and further checked against steady-state solu- 
tions generated by the steady-state code LINEL (Wil- 
son and Witherspoon, 1970). 

The plot in Fig. 3 shows a good match between the 
results of the code and the analytic solution for a one- 
dimensional problem. Figure 4 shows how the results 
generated by the code at a particular node approach the 
steady-state solution with time for the mesh shown in 
Fig. 5. As can be seen, a good match is achieved with 
the steady-state condition. 

1.0 I I I 1 1 

0 

Figure 3. 
for a one-dimensional problem. 

Comparison of analytical and numerical solutions 
[XBL 835-9281 

177 



Steady- state solution 
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Time ( 5 )  

Figure 4. Plot of numerical transient solution approaching 
steady-state solution for mesh at point A indicated in Fig. 5. 
(Steady-state solution based on LINEL solution for same 
mesh.) [XBL 835-9261 

At present chemical and radionuclide transport are 
being added to the code. The phenomena considered 
are convection, molecular diffusion, decay, and limited 
chemical interaction with the rock matrix. It is 
envisioned that such capabilities will find valuable 
application in the design and analyses of tracer tests 
and the general study of transport in fractured rock 
masses. 
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HYDROLOGIC PARAMETERS OF THE 
FRACI'URE SYSTEM AT THE 

UNDERGROUND RESEARCH LABORATORY 

J.C.S. Long and H.K. Endo 

Table 1.  Input data. 

Orientation Length (cm) 

(cm-2) mean SD mean SD 
Areal density 

The Lac du Bonnet granitic batholith in the Cana- 
dian Province of Manitoba is the site of investigations 
for the Canadian Nuclear Fuel Waste Management Pre 
gram. As part of this program, Atomic Energy of 
Canada Limited (AECL) is conducting hydrologic 
research at the Underground Research Laboratory 
(URL) site in the Lac du Bonnet batholith. This arti- 
cle describes how hydrogeologic data from this site 
were used to study the fracture system permeability and 
porosity. The techniques used in this investigation are 
explained in Long et al. (1982), Long (1982), and Endo 
(1982). 

Five boreholes, URL1 through URL5, have been 
drilled and tested at the URL site. Fracture traces on 
the extensive surface exposures have been mapped. 
Data currently available indicate that the upper 
200-300 m of rock contains a fracture zone. Much of 
the rock examined by borehole below this zone is rela- 
tively unfractured except for one or two small fracture 
zones on the order of 10 m thick Most of the data 
available are from the upper fracture zone and the sur- 
face. The permeability and porosity of the horizontal 
plane in the upper zone are the focus of attention for 
this analysis. It is assumed that the fracture pattern at 
depth is the same as at the surface and that the aper- 
ture distribution of these fractures is the same as the 
aperture distribution of the fractures sampled in the 
wells. 

Enough data were available from the URL to allow 
construction of a preliminary set of input parameters to 
use in the fracture model developed by Long (1982). 
Two fracture sets were identified from a map of surface 
fracture traces. The input data derived from this map 
for fracture density, orientation, and length are sum- 
marized in Table 1. Figure 1 shows a fracture mesh 
pattern that was randomly generated from these data 
(Long, 1982). 

Next the available borehole well test data were 
analyzed to obtain an estimate of the aperture distribu- 
tion. Simple models to correlate length and aperture 
were developed by assumming that both parameters 
were distributed lognormally and the mean fracture 

Set 1 4 x 63" 2.7' 2500 2200 
Set 2 5.4 X lo-' 155" 2.3' 2500 2700 

35000. 

30000. 

25000. 

2a000. 

t 

15000. 

10000. 

0. 

0 .  500Q. 10000. 15000. 20000. 25000. 30000.  35000. 

X 

Figure 1. Fracture pattern for the URL data. [XBL 8211- 
26071 

length would tend to be associated with the mean value 
of aperture. A further assumption was that fracture 
length, 1, is related to a mean hydraulic aperture b by 

b(1) = (ycept) + (slope) log 1 . 

Here 6(Z) is the mean value of the normal distribution 
of aperture corresponding to the given value of 1. 

Apertures were assigned to fractures in the following 
way. For each randomly selected fracture length 1, the 
value of &(l) was computed. Then the aperture was 
randomly chosen using b(r) and the standard deviation 
(SD) of the d(l) distribution. Since the randomness in 
1 automatically gives rise to randomness in b ,  the stan- 
dard deviation used to find b is smaller than the total 
standard deviation for the overall distribution of b . 
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Three different length-aperture correlation models 
(A, B1, and B3) were used to assign apertures to the 
fractures in Fig. 1.  Each model used different values of 
ycept, slope, and standard deviation. Two other models 
(D and E) were used where length and aperture were 
independent. 

For each model the permeability was calculated in 24 
directions. The input data and results of the permeabil- 
ity calculations are given in Table 2. The principal per- 
meabilities, K 1  and Kz, are derived from a regression 
analysis of the permeability calculations. The error 
associated with K1 and Kz is indicated by the normal- 
ized mean square error (NMSE) of the best-fit permea- 
bility ellipse. The NMSE approaches zero as the frac- 
ture system behaves more like a porous medium (Long, 
1982). Figure 2 shows the polar permeability plots for 
each model. The broken line connects the values of 
l/* as calculated by the model. The smooth ellipse 
drawn with a solid line is the best-fit ellipse. Figure 2 
shows how close the data plot to an ellipse and there- 
fore how closely the fracture system behavior resembles 
a porous medium. 

Model A allows extreme values of aperture to be gen- 
erated. The permeability computed from this model is 
on the order of lo4 cm/s, whereas the field permeabili- 
ties measured in boreholes URL1 through U R L S  are 
generally on the order of lo4 or cm/s. This is 
strong evidence that the aperture model is wrong 
and/or the fracture pattern at the surface differs from 
that at depth. 

The observed values of mean and standard deviation 
of aperture in model A are not the same as calculated 

Table 2. Aperture statistics and permeability results. 

from th field data. The field mean a xture and the 
field standard deviation are lower. It is very likely that 

NMSE = ,0438 

31 

NMSE= ,0414 

33 
-" 

NMSE = 1.7270 

NMSE = ,0410 

NMSE = ,0460 

NMSE = I  .3180 

Figure 2. Permeability plots. [XBL 837-2151] 

Input statistics Statistics 
in the Permeability 

Length and Correlation parameters generation region ( W s )  
Aperture aperture 
model correlated yccpt slope SDb(l) 6 S Q b )  6 SD(b) K1 K7 NMSE 

A YCS -0.06 0.03 0.01 - - 0.038 0.014 7.61 X IO4 4.26 X 10-4 0.044 
B1 YCS -0.036 0.019 0.001 - - 0.026 0.007 2.90 X IO-' 1.32 X le 0.041 
B3 YCS -0.036 0.019 0.04 - - 0.033 0.033 8.25 X IO4 2.05 X 10-4 1.727 
C YCS -0.01 0.005 0.001 - - 0.006 0.002 3.38 X IOd 1.98 X lod 0.041 
D No - - - 0.026 0.0065 0.027 0.007 8.17 X lo-' 5.13 X 0.046 
E No - - - 0.02 0.o400 0.027 0.040 3.55 X lo-' 2.51 X 1.317 
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model A is wrong because it produces apertures that are 
too high. This would also account for the permeability 
of the model being too high. 

Since the aperture statistics of model A did not 
match the aperture statistics measured in the field, 
models B1, B3, and C were developed. Model C was 
set up such that the mean-length fracture tended to be 
assigned the mean aperture as measured in the field. 
This change resulted in a permeability matching that 
measured in the field. 

In uncorrelated systems, large apertures are not pre- 
ferentially associated with long fractures. Thus per- 
meabilities of models with uncorrelated length and 
aperture will tend to be smaller than correlated models. 
Model D was designed to determine the magnitude of 
this decrease. Model D has approximately the same 
overall aperture statistics as model B1. Results show 
that Model D has a slightly higher NMSE and a 
significantly lower permeability than B1. 

The only significant difference between the B models 
is that B3 has an increased standard deviation of the 
overall aperture distribution. This increase had two net 
effects. First, the permeability increased slightly; 
second, the normalized mean square error increased 
substantially. In models D and E, where length and 
aperture are not correlated, the increase in standard 
deviation of aperture caused a net decrease in permea- 
bility. This is a major difference between correlated 
and uncorrelated systems. 

Correlated model B3 has a higher NMSE, a slightly 
lower standard deviation of aperture, and a higher per- 
meability than uncorrelated Model E. It may be that 
correlation between length and aperture sometimes 
serves to increase the value of W E  by creating a 
"superconductor." 

All else being constant, an increase in the standard 
deviation of aperture increases the NMSE. If length 
and aperture are correlated, an increase in standard 
deviation of aperture will probably increase the permea- 
bility. All else being constant, uncorrelated models 
have lower permeability than correlated models. 

A streamtubing laminar-flow model was also 
developed to simulate mechanical transport in a frac- 
ture system. The model traces fluid movement in flow 
conduits called stream tubes, which contain a specified 
fluid flux. Further details of this model are given in 
Endo (1982). This numerical model was applied to 
URL models A and B1. 

The average linear velocity is defined as the straight- 
line travel distance divided by the mean travel time. In 
porous media, the average linear velocity is generally 

assumed to equal the specific discharge divided by the 
rock effective porosity. The rock effective porosity is 
the connected or conductive void volume per unit 
volume of rock. The average linear velocity, specific 
discharge, and rock effective porosity were explicitly 
calculated in this study from the fracture networks to 
investigate this relationship. 

The mean travel time and tortuosity are plotted as 
functions of orientation in Fig. 3. Tortuosity is defined 
as the ratio of the actual path length to the straight-line 
travel distance. For an arbitrary gradient of 0.01 and 
mesh width of 250 m, the mean travel time was within 
a range of 2.3 X lo3 to 6.0 X lo3 for model A and 5.8 
X lo3 to 9.0 X lo3 for model B1. Tortuosity ranges 
from about 1.2 to 1.5 for both models A and B1. The 
mean travel times and tortuosities are a maximum for 
orientations of 90" (2'70") in model A and 105" (285") 

DATA SET A 

SCALE FOR Y b N  TORTUOSITY 

Figure 3. 'Ihe mean travel time and the mean tortuosity for 
the analysis of models A and B1. [XBL 8210-1235AI 
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in model B1. As might be expected, these orientations 
are midway between the orientations of the two fracture 
sets, where the tortuosity and path lengths tend to be 
greatest. The large tortuosity for these free orientations 
was influenced by the random generation of a large 
zone of isolated, nonconductive fractures. Fluid parti- 
cles were forced to veer around this zone in order to 
cross the flow region, thereby increasing their travel 
path. 

The orientation of the maximum travel time should 
be cluse to the minimum axis of permeability. In this 
numerical experiment, the minimum axis of permeabil- 
ity deviates by approximately IO" from the direction of 
maximum travel time, primarily because of the large 
zone of isolated fractures. As previously noted, this 
isolated zone was randomly created in the fracture pat- 
tern. In another random generation, an isolated zone 
may occur elsewhere in the fracture system or may not 
be created at all. A Monte Carlo study is needed to 
establish that the minimum axis of permeability and the 
maximum travel time tend to be aligned in the same 
direction. 

The rock effective porosity is 0.0047 for model A and 
0.0069 for model B1. This parameter was found to be a 
fair estimate of the ratio of specific discharge to aver- 
age linear velocity for these models. 

DISCUSSION AND CONCLUSIONS 
The URL model studies show that the surface pattern 

of fractures probably does not apply at depth. The per- 
meability of models that incorporated the surface pat- 
tern and the borehole-derived aperture statistics was 
higher than the permeability measured in the field at 
depth. Further, borehole data indicate that linear frac- 
ture densities are larger at depth than at the surface. 
The evidence that permeability at depth is smaller than 
the model prediction, despite a greater fracture density, 
implies that the fractures are shorter at depth than at 
the surface. This implication is further supported by 

the probability that the analysis of the URL borehole 
packer tests underestimated aperture ( b n g ,  1982). 
Moreover, length and aperture may not be strongly 
correlated, since correlation produces a higher permea- 
bility than no correlation. 

On the basis of models B3 and E of this study, an 
estimate of the NMSE of URL rock is roughly 1.5. 
This estimate would be decreased by adding a third 
dimension to the analysis, increased by shortening the 
fracture lengths, and increased by restricting the sam- 
ple size to the width of the upper fracture zone. Thus 
modeling of the URL rock as a porous medium will 
most probably involve some error. 

The average linear velocity is an important parameter 
when evaluating pollutant migration. In this hypotheti- 
cal study, the average linear velocity was found to be 
reasonably estimated as the ratio of specific discharge 
to rock effective porosity. The rock effective porosity 
was found to be indepndent of the orientation of the 
hydraulic gradient in each of the two models analyzed 
but proved to be 1.5 times larger in Model A than in 
Model B1. Thus the rock effective porosity is a stable 
property for each model but is dependent on the 
geometric parameters of the data set. 
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COMPARISON OF FOUR ENGINEERING 

RADIOACTIVE WASTE DISPOSAL SITE 
OFIIONS FOR A LOW-LEVEL 

B. Y. Kanehiro 

One of the major hazards associated with most low- 
level radioactive waste disposal sites is the potential for 
the contamination of groundwater. The design and 
evaluation of engineering options for minimizing this 
potential hazard at both new and existing low-level 
disposal sites is generating considerable interest at the 
present time. Because of the potential seriousness of 
failures and the high cost associated with implementing 
these options, particularly as a part of a remedial action 
program at an existing site, it is important to be able to 
predict their effects as accurately as possible. 

The purpose of this study is to examine and compare 
the probable hydrologic effects of a number of engineer- 
ing options for the Weldon Spring Quarry low-level 
waste site. Although the study is site specific, applica- 
tion to other low-level sites as well as toxic sites can be 
seen. For the purposes of this discussion, engineering 
options will be considered to range from no action at all 
to complete entombment of the waste. 
As a part of the Weldon Spring Low-Level Radioae 

tive Waste Disposal Study, Lawrence Berkeley Labora- 
tory has evaluated a number of engineering options that 
may be considered in a remedial action program. The 
Weldon Spring study involved characterization and 
assessment work at two sites at Weldon Spring, h4is- 
souri, approximately 20 miles west of St. Louis. The 
first site consists of four rafinate pits around the Wel- 
don Spring Chemical Plant, shown in Fig. l. The 
second site is the Weldon Spring Quarry, located 
approximately 4 miles from the chemical plant, also 
shown in Fig. 1. The rafinate pits actually contain 
more radioactive material then the quarry, but because 
the quarry is close to a municipal well field (as shown 
in Fig. 2) it is considered to be the more immediate 
problem and is therefore the subject of this study. 

Between 1960 and 1969, the quarry was used for the 
disposal of low-level radioactive waste. During the 
1940s, it was used as a disposal site for TNT- 
contaminated soils. The site differs from other low- 
level sites in that the wastes are primarily in the form 
of residues and contaminated rubble from the process- 
ing of uranium and thorium ores rather than industrial 

ST. LOUIS 

Figure 1. Location map of the Weldon Spring sites. [XBL 
81 3-21841 

Figure 2 Location of the Weldon Spring Quarry with 
respect to the municipal well field and the Missouri River. 
Line A-A' shows the cross section that was modeled. [XBL 
81 3-21851 

isotopes or mill tailings. This article summarizes the 
results of a study to evaluate the hydrologic aspects of 
engineering options that might be applied to better iso- 
late the waste at the quarry site. Other aspects, such as 
cost, were also considered. 

Engineering options that have been proposed for the 
site include leaving the site as is, removing as much of 
the original radioactive materials as deemed practical 
by engineering considerations, covering the quarry with 
a low-permeability material, and complete entombment 
of the waste with low-permeability materials. 

Numerical models were developed for the site to 
study the effects of alternative engineering options on 
groundwater transport of radionuclides. A geologic 
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Figure 3. Idealized north-south cross section through the Weldon Spring Quarry area. [XBL 7912-136551 

cross section of the region around the quarry site is 
shown in Fig. 3. As can be seen the site is hydrologi- 
cally complex because of the presence of fractured as 
well as porous media. The site is further complicated 
by the long and relatively poorly documented disposal 
and post-disposal history. These factors required the 
use of assumptions and parametric studies to evaluate 
the effects of the assumptions. 

For the purposes of this relatively brief discussion, 
only those aspects of the study that are directly related 
to a comparison of the engineering options will be con- 
sidered. Presented below is a discussion of the basic 
transport code that was used in the models. This is fol- 
lowed by a description of the engineering options as 
applied to the quarry site and, finally, by a summary of 
the results. 

TRANSPORT CODE 
There are several methods of mathematically treating 

fractured media. The most rigorous method is to indi- 
vidually model all hydrologically active and connected 
fractures. Because the fracture density at the quarry 
site is relatively large and because geometric data were 
lacking, a porous media approach was adopted. The 
equations used to model radionuclide transport and 
groundwater flow are described below. 

Flow Equation in Porous Media 

Combining the condition of continuity, 

and the generalized Darcy’s law, 

ah qi = -Kij - , 
axj 

yields 

( 3) 
ae a ah 
at axi ax, - p k Q = - K j j - ,  

where p = fluid density, 8 = effective porosity, h 
= piezometric head, Q = strength of sources and sinks 
per unit volume, qi = flow rate per unit area in the ith 
direction, xi = Cartesian coordinates, t = time, Kij 
= hydraulic conductivity tensor. 

It has been shown that 

- p = s -  ae ah 
at at 
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The specific storativity, S, , is given by D = a L U ,  

where g = gravitational acceleration, a = bulk com- 
pressibility of solid matrix, 0 = fluid compressibility. 

Combining Eqs. (3), (4), and (9, and noting that for 
such fluids as water the spatial variation of density is 
negligible, yields 

ah a ah 
at axi ' j  axj * 

s, - Q = - K . .  - 

Transport Equation in Porous Media 

Transport of solute in porous media is governed by 

where C = concentration, & = retardation factor, Dij 
= hydrodynamic dispersion tensor, C,, = concentration 
of solute produced at sources/sinks, X = radioactive 
decay constant. The retardation factor is given by 

where ai = isothermal adsorption constant. The 
coefficient constant, Kd, is related to ai by 

where Pb = bulk density of solid rack. The hydre 
dynamic dispersion tensor is given by 

or 

where aijkr = dispersivity tensor, ui = pore velocity in 
the ith direction = qi /e, U = magnitude of pore vele 
city, Tij = tortuosity tensor, Dd = molecular diffusion 
coefficient, bij = Kronecker delta, DL = longitudinal 
dispersion coefficient, DT = lateral dispersion 
coefficient. The coefficients of dispersion, DL and DT, 
are related to pore velocity by 
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D = a T U  , 

where aL = longitudinal dispersivity constant, aT 
= lateral dispersivity constant. 

A computer program, GENIE, was used to numeri- 
cally implement the foregoing theoretical development. 
The code's simulation capabilities include: 

1. multi-dimensionality, 
2. material anisotropy, 
3. chemical adsorption, 
4. radioactive decay, 
5. velocity-dependent dispersion, 
6. tortuosity, 
7. Molecular diffusion. 

MODELING OF ENGINEERING OPTIONS 
A twedimensional, cross-sectional "near-field" model 

was selected for evaluating the engineering options. A 
three-dimensional model was not used because the exist- 
ing data do not justify the additional cost of running 
such a model. The extent of the model is shown in 
Fig. 4, and the location of the cross section is shown in 
Fig. 2. Only the near field was considered because the 
scale facilitated the implementation of more detail into 
the model. Moreover, the results of the near-field 
model can later be used as input to a far-field model to 
assess the effects of various options on the municipal 
model can later be used as input to a far-field model to 
assess the effects of various options on the municipal 
well field. 

Four options, and two variations on one of them, are 
considered here: 

1. 
2. Removing 75% of the original radioactive 

material. (75% is a conservative estimate of the amount 
of material that can be removed from a practical stand- 
point.) 

3. Covering the quarry with a low-permeability 
blanket. 

4. Entombing the material in a low-permeability 
material. 

4a. Assuming a small breach in the entombing 
material of option 4. The breach is modeled as a high- 

Leaving the site as is. 
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Figure 4. Idealized profile, showing waste under a com- 
pacted clay blanket. [XBL 835-9251 

loB 10’ 108 io9 

Time ( S I  

Figure 5. Breakthrough curves for various engineering 
options. [XBL 835-9271 

permeability fracture through the bottom of the 
entombing material. 

4b. Assuming that the entombing material of option 
4 is contaminated with a small percentage of waste dur- 
ing construction. 

An example of the type of idealization that was used 
in modeling option 3 is shown in Fig. 4. Similar ideali- 
zations were used in the other options. Isotropic 
material properties and boundary conditions were drawn 
from field data and assumptions. Common material 
properties were used in all options. 

RESULTS 

The results of the modeling are shown in Fig. 5 as 
breakthrough curves for a point located approximately 
100 m down gradient from the quarry and 20 m below 
the surface. As can be seen from the plots for options 
4, 4a, and 4b, the hydrologic benefits to be gained by 

complete entombment are very significant, even allow- 
ing for construction problems. As previously noted, 
however, this option involves a considerable effort. 
Moving the material out of and then back into the 
quarry would be costly and could generate other expo- 
sure risks, such as airborne transport. 

The results of option 2 indicate that significant 
benefits could be realized by removal of only 75% of 
the waste. The removal this percentage of the waste is 
probably practical from a construction standpoint, but 
would involve the same types of exposure risk as option 
4. There would also be the obvious problem of finding 
a new location for the removed waste. 

The ultimate selection of engineering options for any 
site will require that many factors be considered. One 
of the most important factors is hydrologic 
effectiveness. The results of this study suggest that 
preliminary modeling for screening purposes can be a 
significant aid to the decision-making process. Such 
modeling should, however, be followed up with more 
detailed modeling as designs of the chosen option are 
finalized. 
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ATHERMAL WELLTEST METHOD 

C.F. Tsang and C. Doughty 

Conventional well-test methods involve the flowing of 
one well and the measurement of transient pressure 
behavior in that well or in  one or more observation 
wells. These methods normally give us information on 
the permeability, storativity, and lateral boundaries of 
an aquifer. However, for such purposes as aquifer ther- 
mal energy storage, assessment of contaminant tran- 
sport in an aquifer, and injection into a geothermal 
reservoir, additional information is needed about the 
aquifer, such as the permeability anisotropy and layer- 
ing characteristics. Also useful for aquifer thermal 
energy storage and injection into geothermal reservoirs 
is knowledge of in situ thermal properties. 

This article proposes a new well-test method involving 
the injection of water at a different temperature from 
that of the aquifer. Temperature measurements are 
made at different depths in two or more observation 
wells. By the study and analysis of these temperature 
data, we determine the permeability anisotropy, layer- 
ing characteristics, and in situ thermal properties of an 
aquifer. After explaining the theory and outlining the 
procedure for this method, we describe a recent field 
experiment at Mobile, Alabama, and the resulting data. 

THEORY 
Briefly discussed below are three major studies 

recently completed at Lawrence Berkeley Laboratory on 
the thermohydrologic behavior of an aquifer upon injec- 
tion of water at a temperature different from that of the 
aquifer. These form the basis of the well-test analysis 
method that we are proposing. 

Thermal-Front Tilting Formula 
When water at one temperature is injected radially or 

laterally into an aquifer at another temperature, a verti- 
cal thermal front will develop within the aquifer. Such 
a front is unstable because of buoyancy effects. 
Hellstrom et al. (1979) derived a formula that gives the 
time rate of tilting, wo, of a vertical thermal front as 

w o  = 14.5 - - c, - ”) (radians/s) . 
H C f  

(1) 

This formula shows that w o  is directly proportional to 
the density difference of the two waters (po - pl), 
inversely proportional to the average of their viscosities 
[(ccg + p 1 ) / 2 ] ,  inversely proportional to the thickness of 
the aquifer (H), and directly proportional to the square 
root of the product of vertical and horizontal permeabil- 
ities (m). C, and C are the volumetric heat capa- 
cities of water and aquifer (water + rock), respectively. 
Thus, if we know the fluid properties and the thickness 
and heat capacity of the aquifer, then by measuring the 
tilting of the thermal front (a = woti)  after a period of 
injection, t i ,  we can obtain an estimate of the quantity a. This determines the aquifer permeability 
anisotropy, k, /kh,  if kh is known from a conventional 
well test. This formula involves a number of simplify- 
ing assumptions, hence this approach can yield only a 
rough estimate of the value of permeability anisotropy. 

Low-Buoyancy Case 

When the temperature difference between injected 
water and native water is small or when the flow in a 
low-permeability aquifer is dominated by the horizontal 
driving force from the injection well, buoyancy flow 
may be neglected. For this special case a dimensionless 
approach has been developed by Doughty et al. (1982). 
They considered the injection and subsequent produc- 
tion of hot or chilled water into a confined aquifer 
through a single injection-production well that is open 
over the full aquifer thickness. The recovery factor is 
defined as the energy produced divided by the energy 
injected, for equal volumes produced and injected, 
using the original aquifer temperature To as a reference 
point. Recovery factor is tabulated as a function of 
three dimensionless parameter groups, Pe , A, and X/X, . 
Pe and A are given by 

where Q is the volumetric injection/production 
flowrate, X and A, are the thermal conductivities in the 
aquifer and the confining layers, respectively, C, is the 
volumetric heat capacity in the confining layers, and t i  
is the injection time. Figure 1 shows the recovery fac- 
tor plotted as contours in the Pe-A plane for several 
values of A / & .  If we know some of the properties of 
the system and the experimental recovery factor, we can 
derive the remaining properties. 
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Energy recovery factor contours as a function of the dimensionless parameters Pe, A, and A/&.  
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Simulation of Thermohydrologic Flow Using 
Numerical Models 

In the case where buoyancy effects as well as conduc- 
tion and forced convection are important in an aquifer 
system, one may use numerical models to calculate the 
coupled heat and fluid flow. The numerical code PT 
(Bodvarsson, 1982) employs the integrated finite 
difference method to calculate the fluid and heat flow in 
a threedimensional heterogeneous medium. For our 
present application to the analysis of thermal well test- 
ing, this numerical model is applied to reproduce the 
temperature distribution measured within the aquifer 
upon injection of water at a temperature different from 
that of the native groundwater. By varying parameters 
such as permeability anisotropy and the layering of the 
aquifer, one may obtain a match between the calculated 
and observed temperature values. This will determine 
the aquifer parameters in which we are interested. 

PROPOSED THERMAL WELLTEST 
PROCEDURE 

On the basis of the theoretical work described above, 
we propose the following procedure for a nonisothermal 
well test. First, perform a conventional well test that 
will yield the values of horizontal permeability, kh, and 
storativity, S .  Second, inject a volume of water V, at 
a temperature T, higher (or lower) than the aquifer 
temperature To while recording temperature readings at 
several depths in two or more observation wells. At the 
end of the injection period, reverse the injection-well 
pump and produce a volume V, from the same well. 
Record the temperature of the produced water as a 
function of time, and calculate the recovery factor. 
Use the temperature readings in the observation wells 

to determine the temperature distribution in the aquifer 
at various times. 

The thermal energy relative to TO in the aquifer is 
given by 

E = C  ( T - T o ) d V  , .G (3) 

where V is the aquifer volume with temperature T 
above To. At the end of the injection period, E must, 
by conservation of energy, be equal to the total amount 
of energy injected, G( T, - To) V,. Hence the aquifer 
heat capacity C is given by 

where the value of the integral is calculated from the 
temperature distribution at the end of the injection 
period. C is dependent on the porosity of the media, 9, 
as well as the volumetric heat capacity of the rock 
matrix, CR: 

This gives us an in situ estimate of the porosity if we 
know the volumetric heat capacities of the rock and 
fluid: 

c - CR 
( 6)  G - C R  * 

d =  

If the temperature contours show that layering and 
buoyancy effects are negligible, one may apply the 
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dimensionless approach. Using the temperature of the 
produced water, one can calculate the recovery factor 
and then use Fig. 1 to get a relationship between Pe, 
A, and A/&. If the confining layer thermal properties 
and the aquifer heat capacity are known, the in situ 
effective thermal conductivity, A, can be determined. 
As discussed in Doughty et al. (1982), X depends on the 
dispersivity of the aquifer, which cannot be deduced 
from laboratory experiments. On the other hand, if a 
strong buoyancy effect is apparent, one would then 
measure the tilting angle of the thermal front. From 
there one can apply Eq. (1) to calculate the value of m. Comparing this with the estimated value of kh 
as determined by conventional well tests, we will obtain 
a value for k, /kh ,  the permeability anisotropy. 

In the case where the aquifer is composed of layers of 
different permeabilities, fingering will occur, and the 
temperature distribution in the aquifer at the end of the 
injection period will show a digitate pattern. This pat- 
tern reflects the various layers within the aquifer. To 
determine the relative permeability of these layers, it is 
necessary to use a sophisticated numerical model such 
as PT. By varying the relative permeability values of 
the layers while keeping the overall transmissivity equal 
to that estimated by the conventional well test, a sensi- 
tivity study is carried out using PT to match the 
observed temperature contours. 

FIELD EXPERIMENTS AT MOBILE, 
ALABAMA 

The well-test procedure described above has been 
applied and validated against a series of aquifer thermal 
energy storage field experiments carried out by Auburn 
University at Mobile, Alabama (Molz et al., 1979, 
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Figure 2. 
of the first injection period. 

Experimental temperature distribution at the end 
[XBL 829-2412] 

1981). Two injection-recovery wells were drilled into a 
confined aquifer, each surrounded by a number of 
observation wells. The hot water storage experiment 
was first carried out through one of these wells and then 
later through the other. In each observation well, 
thermistors were employed to measure the temperature 
at six depths. Both experiments involved injection of 
55°C water into the aquifer, which has an ambient tem- 
perature of 20°C. 

During the first experiment approximately 55,000 m3 
of water was injected through a partially penetrating 
well for a period of two months. When produced it 
yielded a recovery factor of 0.66. The temperature field 
at the end of injection is shown in Fig. 2. 

Using Eq. (4) and C, equal to 4 MJ/m3-"C gives a 
value of 2.5 M/m'-"C for C. For an assumed rock 
heat capacity of 1.8 MJ/m3-"C Eq. (6) gives a porosity 
of 0.32. The porosity at the Mobile site has been 
estimated to be between 0.25 and 0.33 (Molz et al., 
1978). The temperature field indicates that the aquifer 
is homogeneous and that buoyancy effects are small, 
but the partial penetration of the injection well pre- 
cludes a rigorous use of the Pe-A. However, Fig. 2 
shows that an effective aquifer thickness of 16 m is 
representative of the system. With the thermal proper- 
ties Cc = 2.6 MJ/m3-"C, C = 2.5 MJ/m3-"C, X, = 
2.6 J/ms-"C, and ti = 2 months = 5.18 X lo6 s, and 
a recovery factor of 0.66, Fig. 1 gives a value of 6 
J/m-s-"C for X (thermal conductivity plus dispersion). 

Conventional well-test analysis yielded a high value 
of horizontal permeability, thus the absence of large 
buoyancy flow seen in Fig. 2 may be due to a small per- 
meability anisotropy. Because the partial penetration 
makes measurement of the tilting angle difficult, rather 
than using Eq. (1) to obtain the tilting rate, the numer- 
ical model PT was employed to simulate the experiment 
using three different values of permeability anisotropy. 
The calculated temperature contours at the end of injec- 
tion are shown in Fig. 3 for anisotropy ratios of 1.0, 
0.1, and 0.02. To determine which anisotropy ratio best 
applies to the field, the recovery factor and production 
temperature curves are examined. Fig. 4 shows the 
experimental production temperature curve and the 
curves calculated from anisotropy ratios of 1.0, 0.1, and 
0.02. A subsequent anisotropy well-test analysis using 
the Weeks method gave a permeability anisotropy of 
0.14. 

The second hot water storage experiment used an 
injection-recovery well located about 120 m away from 
the first. Approximately 29,000 m3 of hot water was 
injected over a period of one month through a fully 
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penetrating well. The temperature distributions along 
two perpendicular vertical sections of the field at the 
end of the injection period are shown in Fig. 5. They 
indicate a definite layered structure. 

The numerical model FT was used to calculate an 
axisymmetric temperature distribution around injection 
well I2 on the basis of a three-layer aquifer with the 
middle layer having higher permeability than the top 
and bottom layers. Three contrasts between the hor- 
izontal permeabilities of the layers were used, with the 
average transmissivity kept equal to the value deter- 
mined from a conventional well test. Fig. 6 shows the 
calculated temperature fields at the end of injection for 
permeability contrasts of 2:1, 2.5:1, and 3:l. Results 
for a contrast of 2.5:l match the field data best. 
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ANALYSIS OF NONISOTHERMAL 
INJECTION TESTS 

S.M. Benson and G.S. Bodvarsson 

Injection tests in geothermal wells are commonly per- 
formed for three specific purposes: (1) to obtain pres- 
sure transient data from which the reservoir transmis- 
sivity and skin factor can be calculated, (2) to stimu- 
late naturally fractured geothermal wells, and (3) to 
determine the cause of reinjection problems. Invari- 
ably, the temperature of the injected fluid is different 
from that of the in situ reservoir fluid. In order to 
interpret the pressure transient data from any of these 

Research, v. 15, no. 6, p. 1509-1514. 
Molz, F.J., Parr, AD., and Andersen, P.F., 1981. 

Thermal energy storage in a confined aquifer: 
Second cycle. Water Resources Research, v. 17, 
no. 3, p. 641-645. 

tests, the effect of nonisothermal reservoir conditions 
must be understood. 

Methods for analyzing injection data fall into two 
categories: those used when the pressure transients are 
governed by a moving thermal front and those used 
when the reservoir behaves as a simple composite reser- 
voir (Benson and Bodvarsson, 1982). Those in the first 
category are usually used when an injection test is 
being carried out in an attempt to stimulate the well. 
Those in the second category are usually used when an 
injection well is being tested for diagnostic purposes. 

PRESSURE TRANSIENTS DURING AND 
AFTER NONISOTHERMAL INJECTION 

Pressure transients are governed by a moving thermal 
front when the well is being injected for the first time 
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or when the time since the beginning of an injection 
episode is greater than 

where pa and p,,, are the density of the reservoir and 
the liquid water, respectively; Ca and C, are the 
corresponding heat capacities; H is the reservoir thick- 
ness; a is the volumetric flow rate; and rc is the size 
of the cold spot. This is demonstrated in Fig. 1, where 
the pressure-transient response of 100°C injection into 
a 250°C reservoir is shown for several cases. Curve 1 
shows the pressure transient for the case when there is 
no cold spot created around the well by prior injection. 
The pressure response is initially identical to the pres- 
sure transients for the 250°C reservoir, but at approxi- 
mately 300 s, the pressure data fall on another curve, 
which has a slope identical to that of isothermal 100°C 
injection. The time at which the transition takes place 
is approximated by 

toe = [z] r: , 

where r,,, is the radius of the well bore. Curves 2, 3, 
and 4 show the pressure transients for injection with 
preexisting 1-, 5-, and 10-m cold spots, respectively. 
In each case, the pressure transients are initially identi- 
cal to the 100°C isothermal injection transient. After 
the drainage radius exceeds the radius of the cold spot, 
the pressure data change to a different slope, which 
corresponds to properties of the in situ reservoir fluid. 
At even longer times, the data again change slope and 
the pressure transients become identical to the case 
where there is no initial cold spot. The time at which 
the last transition occurs is expressed by Eq. (1). 

3.6, I 

Rgure 1. 
water into a 250OC reservoir. 

Pressuretransient data during injection of 100°C 
[XBL 826-2301] 

For most practical cases, the first slope will last only 
a few minutes and will therefore be masked by well- 
bore storage. The second transition, in the case of 
injection with a pre-existing cold spot, will usually 
occur at relatively late times (from several hours to tens 
or hundreds of hours). Therefore, analysis methods are 
divided into the moving-front-dominated problem (curve 
1 and the third slope on curves 2, 3, and 4) or the 
composite-reservoir problem (curves 2, 3, 4 before the 
third slope and pressure falloff data). 

ANALYSIS OF MOVING-FRONT- 
DOMINATED INJECTION TESTS 

The reservoir permeability thickness can be calcu- 
lated using the slope on a P vs log t plot and the pro- 
perties of the cold injected fluid. The skin factor is cal- 
culated by convection methods, except that the flowing 
pressure at 1 s (1 h) is corrected to account for the 
offset between the nonisothermal and isothermal pres- 
sure transients. The offset is easily calculated by 
evaluating 

where t, is the time of intersection of the hot and cold 
slopes, T,, is the temperature of the injected water, and 
T,es is the reservoir temperature. The corrected flowing 
pressure at 1 s (1  h) is then calculated from 

P i ,  = P , ,  + A P O  . ( 4) 

where Pi ,  is the corrected pressure on the extrapolated 
semilog straight line and P I ,  is the extrapolated pres- 
sure at 1 s on a P vs log t plot. The skin value for the 
well is then evaluated by convection methods, except 
that P I ,  is replaced by P i ,  . 

The effect of ignoring nonisothermal pressure tran- 
sients when the moving thermal front dominates the 
response is to underestimate the skin factor. In fact, a 
well with a positive skin may appear to have a negative 
skin. The larger the viscosity contrast between the 
injected and in situ fluids, the more the skin factor will 
be underestimated. Table 1 summarizes the calculated 
skin values for a case of 100°C injection into a 250°C 
reservoir; also included are the skin values calculated 
when nonisothermal transients are ignored. 
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Table 1. Calculated and apparent skin values for 
100°C injection in a 250°C reservoir at a 
flow rate of 0.1 kg/g/m. where iuh is the slope corresponding to the hot reservoir 

fluids, and the skin factor can be calculated from 

Calculated skin Apparent 
Input skin (nonisothermal) skin 

5.7 5.62 3.00 
3.65 3.60 0.98 
1.65 1.57 -1.06 
0 0.1 -2.7 1 

-0.18 -0.1 -2.92 
-2.35 -2.32 -4.95 

Table 2. Skin factor analysis after lo4, lo5, and lo6 s 
of 100°C injection into a 250°C reservoir. 

Cumulative 
injection T f j  Real Calculated skin Apparent 
(ks) (m) skin (nonisothermal) skin 

1 x Id 0.7 0 -0.25 2.5 

1 x 105 7.0 0 -0.3 6.0 
1 x 104 2.2 0 -0.2 4.4 

ANALYSIS OF FALLOFF AND 

INJECTION TESTS 
COMPOSITE RESERVOIR-TYPE 

The reservoir kH can be analyzed using the slope on 
the pressure vs log time plot and the fluid properties of 
the in situ reservoir fluid. To obtain a reliable calcula- 
tion of the skin factor, the size of cold spot around the 
well must be known. This can be estimated from the 
cumulative injection into the well or from more 
appropriate methods, depending on which factors are 
taken into consideration. Once the radius to the cold 
front is estimated, the true skin value of the well can 
be evaluated by the following procedure. First, esti- 
mate the pseudo skin factor associated with the cold 
spot, using 

In Eq. (3 ,  p, and pc are the viscosity and density of 
the cold injected fluids, respectively; p h  and ph are the 
viscosity and density of the hot reservoir fluids. The 
flowing pressure at 1 s can then be calculated from 

where Pwj is the well pressure prior to shut-in, k is the 
permeability, r#~ is the porosity, and Pf is the total 
compressibility. 

If the nonisothermal pressure transients are ignored, 
pressure falloff data analysis will yield positive skin 
values. In fact, the greater the cumulative injection, 
the greater the apparent skin values will appear. 
Table 2 summarizes the results of the skin value calcu- 
lations and apparent skin values for pressure falloff data 
following injection of lo3, lo4, and lo5 kg of 100°C 
fluid into a 250°C reservoir. As shown, a well with a 
true skin value of zero will appear to have a skin value 
of +6 after lo5 kg of injection of 100°C fluid into the 
reservoir if nonisothermal effects are ignored. 

SUMMARY 
1. When the pressure transient behavior is controlled 

by a moving thermal front, the downhole properties of 
the injected fluid must be used to calculate kH of the 
reservoir . 

2. If a pre-existing thermal discontinuity is created 
by previous injection, the moving thermal front will not 
control the pressure-transient behavior until fairly late 
times. For most practical times, the system may be 
treated as a composite reservoir with an inner region of 
mobility k /pi  and an outer region of mobility k / p r e s .  

3. Pressure falloff data can be analyzed with a com- 
posite reservoir model, the inner region having a mobil- 
ity of k / p t  and the outer region having a mobility of 

4. If nonisothermal pressure transients are ignored, 
the skin value can be grossly overestimated (in the case 
of cold water injection into a hot reservoir with a cold 
spot) or underestimated (in the case of cold water injec- 
tion into a hot reservoir with no cold spot). 

5. True skin values can be calculated for nonisother- 
mal well tests if Plh or (or PI,) is corrected to account 
for nonisothermal pressure transients. 

k l p m  * 
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EFFECTS OF INJECTION ON WELL 
PERFORMANCE OF Low-PERMEABILITY 

FRACI’URED RESERVOIRS SUCH As 
BACA, NEW MEXICO 

tures and spacing. Wells are assumed to be arranged in 
a 5-spot pattern. Because of symmetry it is necessary 
to model only 1/8 of a basic well configuration, as 
shown in Fig. 1. The mesh shown in Fig. 1 represents 
the porous media mesh, which we convert to a fractured 
medium by a preprocessor program (Pruess and 
Narasimhan, 1982). Fluids are produced on the basis 
of a deliverability option by specifying a bottomhole 
pressure and a productivity index. This allows realistic 
declines of flow rates to be modeled. Values for param- 
eters used in the simulations are given in Table 

G.S. Bodvarsson, K. Pruess, and C.F. Tsang 

It is well known that injection of geothermal waste 
water can help maintain reservoir pressures and 
increase the energy recovery from a geothermal field. 
The effects of injection are most pronounced in the case 
of low-permeability reservoirs because of the limited 
natural recharge. However, little effort has been 
devoted to studies that quantify the importance of injec- 
tion effects. Studies are needed that address and quan- 
tify the short-term effects of injection on the energy 
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In the present study, we address the effects of injec- 
tion on deliverabilities and enthalpies of wells injected 
in fractured low-permeability reservoirs. We employ 
reservoir parameters that correspond to the Baca geoth- 
ermal field in New Mexico. The Baca reservoir is f rae  
ture dominated, the primary reservoir rocks being vol- 
canic tuffs (Bandelier Tuff). In an earlier simulation 
study (Bodvarsson et al., 1982), we found that the low 
permeability of the reservoir made it questionable 

the proposed 50-MWe power plant. 

I 

---------------- 

I 

whether the reservoir could provide enough steam for 

I ! 

APPROACH 

The fracture system of the reservoir is modeled using 

developed by Pruess and Narasimhan (1982). We 
assume a fractured porous n~ervoir containing three 
orthogonal sets of parallel fractures with equal aper- 

the “Multiple Interacting Continua” method (MINC) t, Injection well 

Figure 1. Mesh used in well-deliverability calculations (5 -  
spot). [XBL 8010.125431 
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Table 1. Parameters used in well productivity calcula- 
tions. 

2400 

Parameters 

Injection Factor 
- 

Values 

Initial temperature 
Initial vapor saturation 
Injection temperature 
Matrix permeability 
Well spacing 
Fracture spacing 
Bottomhole pressure 
Productivity index 

300°C 
0.01 
150°C 
I x m2 
lo00 m 
250 m 
20 bars 
1.0 x m3 

Simulation is done with the numerical twephase simu- 
lator SHAFT79 (Pruess and Schroeder, 1980). 

RESULTS 
We consider 3 cases: no injection, injection of 50% 

of the produced fluids, and 100% injection (injection 
rate equals the production rate at all times). Figure 2 
shows the production rate vs time for the three cases. 
In the neinjection case, the flow rate declines rapidly 
because of the low permeability of the fracture system. 
The calculated flow rate and its decline compare well 
with the observed data from well Baca-13. The calcu- 
lated flow rates for the 50% injection case also decline 
quite rapidly, but the rate is considerably higher at all 
times because of the pressure support from injection. 
After an initial decline, the flow rate for the 100% 
injection case is fairly stable at 60 kg/s. The high 
injection rate causes steady-state flow to develop in the 
reservoir, thereby keeping the production well pressure 
constant. Figure 3 shows the enthalpy transient for the 
three cases. Boiling around the production well causes 
the enthalpy to increase steadily in the neinjection 
case. In the injection cases, the enthalpy is lower at all 
times, and ac?ually decreases gradually in the case of 
100% injection. The gradual decrease in enthalpy 
causes thc slight increase in flow rates with time due to 
relative permeability effects. 

The total output of thermal energy in the three cases 
is shown Fig. 4. It is seen that injection can greatly 
enhance the recovery of theimal energy; the higher the 
injection factor, the greater the energy recovery. It 
should be emphasized, however, that an increase in heat 
output does not necessarily imply that more electric 
power can be generated. Only that fraction of thermal 
energy which can be flashed into steam in the separa- 
tors is usable for electric power generation. The 
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Figure 2. Production rate vs time for the three 
cases. [XBL 826-2290] 
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Figure 3. Enthalpy transients for the three cases. [XBL 
826-2289] 

relative amount of unstable heat is smaller for lower 
enthalpy (higher injection factor). The net effect of 
increased thermal energy and lower production enthalpy 
on electric power output has not yet been determined. 
The simulation results show that for the parameters 
chosen, there is no danger of premature thermal break- 
through, as a rather uniform thermal sweep from the 
reservoir rocks is attained (Bodvarsson and Tsang, 
1982). 
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STUDIES IN Low- TO MODERATE- 
TEMPERATURE RESERVOIR 

ENGINEERING 

S. M. Benson, R.S. Solbau, G.S. Bodvarsson, 
and D.C. Mangold 

FAULT-CHARGED RESERVOIRS 
During fiscal 1982, the low- to moderate-temperature 

reservoir engineering program concentrated on generic 
studies of hydrothermal systems typical of the Basin 
and Range and Cascade Range physiographic provinces. 
Typically the shallow hydrothermal systems in these 
areas are created by upwelling of hot fluids along faults 
and fractures and by lateral flow in permeable near- 
surface aquifers. The hot water aquifers are commonly 
fractured, very complex, and manifest only a small 
fraction of the geothermal potential. Resource assess- 
ment based on the hot water in place will give very con- 
servative estimates of the reservoir potential. To accu- 
rately and appropriately assess these systems, the hot 
water recharge into the systems must be calculated and 
included in the reservoir engineering calculations. 
In fiscal 1981 and fiscal 1982, a computational model 

was developed for calculating the rate of hot water 

and thermal breakthrough in fractured geothermal 
reservoirs. Journal of Geophysical Research, v. 87, 
no. B2, p. 1031-1048. 

Bodvarsson, G.S., Vonder Haar, S., Wilt, M., and 
Tsang, C.F., 1982. Preliminary studies of the 
reservoir capacity and the generating potential of 
the Baca geothermal field, New Mexico. Journal 
of Water Resources Research, v. 18, no. 6, p. 

Pruess, IC, and Narasimhan, T.N., 1982. A practical 
method for modeling fluid and heat flow in frao 
tured porous media. Proceedings, 6th SPE Sympo- 
sium on Reservoir Simulation, New Orleans, 
Louisiana, February 1-3, 1982, SPJZ-10509. 

Pruess, K., and Schroeder, R., 1980. SHAFT79 users’ 
manual. Lawrence Berkeley Laboratory report 
LBL 10861. 
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recharge and the evolution of fault-charged systems 
(Bodvarsson et al., 1981; Bodvarsson et al., 1982). 
Once the rate of hot water recharge is calculated, 
numerical modeling can be performed to illustrate key 
reservoir engineering components (Benson et al., 1981). 

RESERVOIR LONGEVITY 
Hot water influx into a reservoir can greatly extend 

the useful lifetime of a geothermal system. For exam- 
ple, Fig. 1 shows the fluid production temperature vs. 
time for a well located 600 m from a recharging fault. 
Two different cases are shown: In Case A, the fault is 
treated as a constant potential boundary; and in Case B, 
the fault is treated as a constant flow boundary. Each 
case shows that the well will be able to provide 60°C 
fluid for at least 30 years; in fact, Case A shows that 
the temperature will increase in response to pumping. 
This compares favorably with a 10-year life expectancy 
obtained for calculations in which hot water recharge is 
ignored. 

REINJECTION WELL SITING CRITERIA 
Because reinjection is a common method of fluid 

disposal and pressure maintenance in geothermal reser- 
voirs, it is important to have some general siting cri- 
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Figure 1. Production temperature vs time for a well produc- 
ing from a fault-charged reservoir for two cases: (A) a 
constant-potential fault and (B) a constant-flow fault. [XBL 
81 11-4878AI 

teria for reinjection wells. For fault-charged reservoirs, 
the criteria are as follows: 

1. Reinjection should be downstream from the pro- 
duction well. 

2. If a constant-potential fault is present, care 
should be taken to locate the reinjection well so that 
the pressure buildup due to reinjection does not negate 
the production-enhanced flow from the fault. If the 
aquifer is sufficiently permeable (pressure support not 
needed), and if the produced fluids can be disposed of 
by some means other than reinjection, it may be desir- 
able either not to reinject at all or to reinject far from 
both the production well and the fault. 

3. The steady-state interflow between the production 
and injection wells should be minimized. With proper 
siting, interflow between the wells may be negligible in 
an aquifer with regional flow, thus eliminating the pos- 
sibility of thermal breakthrough. 

WELL TESTING IN FRACTURED 
RESERVOIRS 

Fractured reservoirs are often associated with very 
high permeabilities. However, individual well produo 
tivity is often not as high as one would expect, given 
the reservoir permeability thickness and storativity. In 
fact, the observed productivity may have a component 
that is proportional to Qz instead of just Q, which one 
expects for a Darcy flow regime (Benson, 1982a). Fig- 
ure 2 is an example of the productivity data from a 
deep well completed in a naturally fractured granite. 

As shown by the fit between the observed and calcu- 
lated data, the drawdown at each flow rate has a 
significant component proportional to Q2. 

Pressure buildup data following four different flow 
rates were also obtained. Analysis indicates that the 
formation has a permeability thickness of 8.4 X lo5 
mdarcy-ft and a skin factor that ranges from +16 at 
440 gpm to 24.1 at 680 gpm. Figure 3 shows a plot of 
the skin factor vs flow rate. Note that a straight line 
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can be drawn through the data points. This type of 
pressure transient data and productivity data is attri- 
buted to a turbulent (non-Darcy) flow regime in the 
fractures near the well bore. A parallel plate model for 
fracture was used to determine if indeed a turbulent 
flow regime could exist in the reservoir. The analysis 
shows that turbulent flow will definitely exist up to 
several meters into the formation if only a few fractures 
feed the well. A flow model that included the rate- 
dependent skin effect was then used, and the match 
between the observed and calculated data shown in 
Fig. 4 was obtained. 

FIELD PROJECTS 
Three field projects were undertaken in fiscal 1982 a 

1-week interference test in Klamath Falls, Oregon; a 1- 
week production test on a deep well (6800 ft) in the 
Honey Lake Valley, California; and a production/ 
injection test on a deep well (8500 ft) in El Centro, 
California. 

The Klamath Falls interference test confirmed the 
high permeability of the “steamer” area and substan- 
tiated that pumping the City of Klamath Falls geother- 
mal wells would have a minimal impact on the many 
nearby geothermal wells. It also demonstrated that the 
geothermal aquifers in the “steamer” and artesian areas 

-10 O’I’ 

1 

r, - 
STEP3 

1 I I ’ *  
botch of Colculoted ond Observed Values 

kh/p =3&5x 106md - ft/Cp 
4 c h  =4.5 x 10-4ft/psi 
S’ =3,54 ~ 1 0 ~ ~ 0  

1 Calculated 
+ Meas ,red 

I 4 

Oi620  10m 
T€PiST€PJ  

o=zzo 0-440 O ~ € 8 o O P m  

0 1000 2000 3000 4000 5000 6000 7000 8 
Time (minutes) 

I 

Figure 4. Match between calculated and observed data for 
the Wen-1 production tests. [XBL 825-2257] 

are hydrologically connected (Benson, 1982b). The 
production tests on the two other deep wells provided 
new information on the deep reservoir characteristics in 
the major direct-use/electric (power generation) geoth- 
ermal areas. 

ENGINEERING HANDBOOK ON LOW- TO 
MODERATE-TEMPERATURE 
HYDROTHERMAL RESERVOIRS 

A joint effort between EG&G and Lawrence Berkeley 
Laboratory produced a handbook on low- to moderate- 
temperature hydrothermal reservoir engineering (IDO, 
1982). It includes chapters on reservoir classification, 
conceptual modeling, testing during drilling, theory of 
well testing, test planning, geochemistry, and long-term 
monitoring. The handbook has several appendixes, 
which include information on well-test instrumentation, 
instrument fabrication, a reference bibliography, and a 
computer program for calculating drawdown in isotropic 
or anisotropic formations. The handbook is intended 
primarily for program managers, groundwater hydrolo- 
gists, or petroleum engineers who are new to the field of 
geothermal reservoir engineering. 
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STUDIES OF WELL DATA FROM THE 
KRAF'LA GEOTHERMAZ, FIELD IN 

ICELAND 

G.S. Bodvarsson, K. Pruess, and S.M. Benson, 

The methodology currently available for the analysis 
of well data from geothermal wells is very limited. The 
methods now employed have been borrowed from the oil 
and gas industry and generally neglect nonisothermal 
effects that can be very important in the case of geoth- 
ermal wells. There is great need to find ways to 
improve the present methods or to develop new, more 
reliable methods for the analysis of data from geother- 
mal wells. 
In the present study, injection and production data 

from wells at  the Krafla geothermal field in Iceland are 
analyzed. Injection tests are routinely performed for 
newly drilled wells at Krafla for two primary purposes: 

1. To attempt to stimulate the well, Le., increase 
the water losses. 

2. To obtain data that can be analyzed to yield the 
transmissivity of the formation. 

Our main interest is to study nonisothermal effects on 
the injection test data. As a necessary first step in the 
analysis of the injection tests at Krafla, conventional 
type-curve analyses have been carried out by Sigurdsson 
and Stefansson (1977) and Sigurdsson (1978). 

The production data from the Krafla wells show large 
enthalpy variants. We have used data from one of the 
Krafla wells (well 12) in an attempt to obtain informa- 
tion regarding the reservoir conditions around the well. 

ANALYSIS OF INJECTION TEST DATA 
Injection tests are pressure-transient tests that are 

commonly interpreted using conventional type-curve 
analysis as developed in the oil and gas industry. These 

IDO, 1982. Low-temoderate temperature hydrothermal 
reservoir engineering handbook. Idaho Operations 
Ol3ice Report ID010099 (Vols. I and 11). 

types of analyses assume isothermal fluid flow and 
approximate the well as a line source/sink. However, 
injection tests are complicated by nonisothermal 
behavior-as cold water is generally injected into a hot 
geothermal reservoir-nd, in the case of wells com- 
pleted in the lower reservoir at Krafla, by the twephase 
nature of the reservoir. Furthermore, when a free sur- 
face water table is present in the test, as is the case 
during the injection tests of the Krafla wells, well-bore 
storage effects will complicate the interpretation of the 
tests. For these reasons we have carried out a thorough 
analysis of the injection tests of the Krafla wells, using 
numerical modeling techniques. The codes ANALYZE 
(McEdwards and Benson, 1980) and PT (Bodvarsson, 
1982) were used. 
As an example we consider the injection test data 

from well 13. The well was drilled in June-July 1980. 
The well is cased (9-5/8 in. casing) to a depth of 
1021 m; below that a 7-5/8 in. slotted liner extends to 
the well bottom (Fig. 1). Thus the well is completed 
only in the lower twephase reservoir at Krafla, the top 
of which is located at a depth of about 1000 m. 

The injection rates at the surface are shown in Fig. 2 
along with the water level data. During the test, a free 
surface water table was present in the well, and since 
the injection tests are short, significant wellbore storage 
effects were present. Furthermore, analysis of the 
injection test was complicated by the thermal effects, as 
20°C water was injected into a twephase reservoir of 
much higher temperature. For the present analysis, the 
fracture zone at 1600 m depth was assumed to be the 
primary aquifer; the thermodynamic conditions at this 
depth correspond to a temperature of approximately 
320OC. 

The first step in the analysis of this well test was to 
correct for the well-bore storage effects. They were 
easily accounted for by using variable flow rate 
analysis, rather than the constant steprate surface flow 
rates shown in Fig. 2. Since the wellhead flow rate and 
the water level in the well were known, the sandface 
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flow rate could be calculated on the basis of simple 
mass balance as follows: 

where & denotes the change in the water level. Equa- 
tion (1) simply states that the water entering the well, 
qw, must leave the well, qs,  or be contained in the well, 
causing a change in the water level, As. The calcu- 
lated sandface flow rate is shown as a broken line in 
Fig. 2. 

Because of the twephase nature of the Krafla reser- 
voir and the nonisothermal effects introduced by the 
cold water injection, one would expect large nonisother- 
mal effects. However, after substantial analysis it was 
found that the data could be matched better using 
isothermal, rather than nonisothermal, models. The 
reason for this is that water has been injected into the 
well during the approximately 30 d of drilling and the 
3-4 d prior to the injection test, resulting in a cold 
water zone around the well. The movement of the cold 
water away from the well is very slow because of con- 
ductive heat transfer into the fractures (Bodvarsson and 
Tsang, 1982). Consequently, the data can be analyzed 
on the basis of a composite reservoir model with a 
colder inner zone of high viscosity and a hot outer zone 
of lower viscosity. Numerical studies have shown ,that 
in this case the proper viscosity to use is the viscosity of 
the hot outer region (Bodvarsson and Tsang, 1980; Ben- 
son and Bodvarsson, 1982). 

The injection test data were modeled using the model 
discussed above. The comparison between calculated 
and observed values is shown in Fig. 2. The reservoir 
parameters obtained are also given in Fig. 2. We con- 
ducted a sensitivity study to determine how accurately 
the parameters shown in Fig. 2 can be determined. The 
results showed that the transmissivity, k H / p ,  can be 
determined within 10-20% but the storativity (&H) 
within only 1-2 orders of magnitude. 

Similar analyses were carried out for other Krafla 
wells. The results were used to determine the transmis- 
sivity distribution for the Krafla field shown in Fig. 3. 

Figure 3. Transmissivity distribution at Krafla. [XBL 
8 3 7- 1 9 1 71 
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ANALYSIS OF PROC 
FROM WELL KG- 12 

JCTIO J DATA 

When well KG-12 was first put on production, strong 
transients for flow rate and enthalpy were observed 
(Fig. 4). Initially the well produced approximately 
14 kg/s of water and 20 kg/s of steam from a reservoir 
at a temperature of approximately 320°C. Within a 
few days, water production ceased, and steam produc- 
tion dropped to approximately 10 kg/s. After three 
months, steam production declined to 6 kg/s, and 
enthalpy continued to increase slowly. 

It should be emphasized that currently there exists 
no accepted methodology for analyzing transients of 
flow rate and enthalpy in two-phase wells. A possible 
approach employs numerical simulation techniques, 
which require a rather detailed and complete 
specification of reservoir properties and conditions in 
the vicinity of the well. In an attempt to match 
observed well performance, one would fix as many 
parameters in a trial-and-error fashion until simulated 
results show satisfactory agreement with field data. 

The primary parameters governing well behavior are: 
permeability, porosity, effective wellbore radius (skin), 
in-place vapor saturation, and relative permeability 
characteristics of the medium. An extensive parameter 
search was made in order to obtain a match with the 
enthalpy transient for a uniform initial vapor 
saturation. Both porous-medium and fractured-medium 
models were employed. This particular effort failed to 
produce anything resembling the observed enthalpy 
transient. 

A possible explanation for a nonuniform saturation 
distribution may be found in the drilling and comple- 
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tion practice. During drilling and the subsequent log- 
ging and testing of the well, 3000-5000 tons of water 
was injected into the well (Benediktsson, personal com- 
munication, 1982). Therefore, one may expect smaller 
vapor saturations close to the well. 

On the basis of these considerations, a conceptual 
model was developed in which the reservoir at large has 
a “background” vapor saturation, S, , whereas near the 
well the initial vapor saturation is S,, < S,. Using this 
model, we have been able to obtain excellent matches 
with the observed flow rate and enthalpy data. Figures 
5 and 6 show the values obtained using different rela- 



tive permeability curves. The results showed that most 
of the injected waters remain in the vicinity of the well 
during the heating period. Moreover, we found that the 
data from well KG-12 can be matched using any rela- 
tive permeability curves, but the relative permeability 
of the vapor phase is equal to or close to unity for the 
enthalpy range tested ( 1.9-2.8 MJ/kg). 
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EVALUATION OF WELL ASHDOD 3, 
ASHDOD, ISRAEL 

S.  M. Benson and P. H. Nelson 

The Earth Sciences Division is involved in a project 
to evaluate the hydrothermal potential in and around 
Ashdod, Israel. Ashdod is located approximately 30 km 
south of Tel Aviv on Israel’s southern coastal plain 
(Fig. 1). The intended use of the geothermal brine’is 
to provide hot water to a seawater desalination plant 
that uses the Zeresh P r o c e s s n  process that subatmos- 
pherically flashes seawater to produce pure steam. The 
temperature of the heating fluid at the inlet to the 
desalination plant will be approximately 62°C and the 
outlet temperature approximately 56°C. It is estimated 
that approximately 2100 m3/h of 95°C brine will be 
required to replace the existing heat source (J. Finke, 
personal communication, 1981). 

Six deep wells have been drilled to the southeast of 
the desalination plant site (Fig. 2). These wells were 
drilled by the Israeli Oil Exploration (Investment) Ltd. 
in search of hydrocarbon deposits. Two of the six wells 
are producing a combined total of approximately 50 
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bbl/d of crude oil (Koifman, 1980). The other four 
wells were “dry holes” and have been abandoned. Two 
of the abandoned wells (Ashdod 3 and Ashdod 4) have 
been recompleted to obtain data for a preliminary reser- 
voir evaluation. 

Ashdod 3 and Ashdod 4 were originally drilled to 
depths of 2731 m and 2685 m, respectively. The wells 
penetrate sedimentary formations composed of dolomite, 
limestone, and shale. The potential geothermal aquifers 
were deposited in the Jurassic Era and begin at a depth 
of approximately 2600 m below sea level. There are 
three formations of potential interest: the Zohar For- 
mation, the Karmon Shales, and the Shderot Dolomite 
(Koifman, 1979). 

It was originally intended to test the hydrologic pro- 
perties of the potential geothermal reservoir by conduct- 
ing a production/interference test with Ashdod 3 being 
used as the pumped well. However, an airlift test con- 
ducted in June 1981 indicated a very low well produo 
tivity. The low productivity of the well made it unsuit- 
able for testing purposes. Examination of the drilling 
logs, permeability measurements (from cores), and drill 
stress tests suggested that the very low productivity 
probably resulted from near-well-bore permeability 
reduction. Because the low productivity appeared to be 
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caused by formation damage, it was decided to attempt 
to rehabilitate the well. Numerous methods for rehabil- 
itating the well were investigated. After a thorough re- 
evaluation of the Ashdod 3 well data, a stimulation 
treatment was chosen. 

WELLPRODUCTIVITY CALCULATION 
Before proceeding with a costly well-stimulation 

treatment, a feasibility study was conducted to deter- 
mine if potential well productivity was sufficient for use 
in the desalination project. For the project to be 
economically feasible, it is estimated that a minimum 
flow rate of 300 m3/h/well is required (J. Finke, per- 
sonal communication, 1981). Table 1 summarizes the 
parameters used to estimate well productivity. Produc- 
tivity calculations were made assuming that (1) the 
average permeability of the reservoir is 100 mdarcies 
and (2) the average permeability of the reservoir is 
lo00 mdarcies. The results of the analysis indicate that 
a 100-mdarcy reservoir will be able to produce at a 
maximum rate of 300 m3/h, the minimum necessary for 
the project to be feasible. A 100Ckmdarcy reservoir will 
be able to produce up to 500 m3/h with the well 
configuration given in Table 1. Both 100 and 1000 
mdarcies are significantly higher than the measured 
matrix permeability (< 10 mdarcies). Therefore, frac- 
ture permeability must make a substantial contribution 
to total system permeability to result in the average of 
10&1OOO mdarcies required. 

FRACTURE EVALUATION 
The productivity studies showed that the amount and 

distribution of fractures are critical to the success of 
the project. Therefore, the geophysical well-bore logs 
were carefully re-evaluated with the specific intent of 
locating fractured intervals. Figure 3 shows a graph of 
the well log information and, on the right-hand side, 
identification of “probable” and “possible” fracture 
zones. The study showed that although the formation is 
significantly fractured, the fractures are not distributed 
evenly over the open interval. Instead, the fracture 
intervals are concentrated in discrete intervals, mostly 
at the contacts between formations. These highly frac- 
tured intervals are the focus of the well-stimulation 
treatment. 

WELL STIMULATION 
After evaluating all of the possible formation damage 

mechanisms and ruling out mechanical damage to the 
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Table 1 .  Well and formation parameters used to estimate well p r e  
ductivity from well Ashdod 3. 

Parameters Values 

Well completion 

Reservoir transmissivity 

Skin value 

Reservoir temperature 

Reservoir pressure (2700 m) 

Temperature profile (for 
computational purposes) 

In situ brine 

In situ brine specific 
gravity (at 20°C) 

Friction factor (f) 

PumD setting 

13-3/8 to 350 m 
9-5/8 to 2700 m 

1.09 X lo5 mdarcy-ft/cp (case 1)  
1.09 X lo6 mdarcy-ft/cp (case 2) 

2 .0  

95°C 

3770 psi 

T (depth) = 25°C + 2.51 X 
X depth 

1oo.oO0 TDS 

1.07 

0.013 

325 m 

well bore itself, it was determined that the formation 
damage resulted from filling the near-well-bore frac- 
tures with cement and drilling mud. A matrix- 
acidizing treatment was designed to remove the drilling 
mud from the fractures and increase the near-well-bore 
fracture apertures. Core plugs from the Zohar Forma- 
tion and Shderot Dolomite were tested in the laboratory 

to determine which acid or combination of acids would 
be the most effective for these goals. It was determined 
that a low-strength (10%) acetic acid solution, followed 
by a mixture of 15% HCl, 5% citric acid, and 10% 
EGMBE, followed by a 10% acetic acid solution, would 
be the best treatment to meet these goals (D.D. Sparlin, 
personal communication, 1982). The planned treatment 
includes two stages: (1) acidization of the lower Kar- 
mon Shales and Shderot Dolomite, and (2) perforation 
and acidization of the Zohar and upper Karmon. An 
acid volume of 150 gallons per foot of potential forma- 
tion will be injected into the two zones. It is expected 
that this will achieve a penetration of 10-15 ft into the 
formation (D.D. Sparlin, personal communication). 
This should be sufficient to circumvent the major for- 
mation changes. 

The acid stimulation treatment will take place in 
fiscal 1983. If the treatment is successful, a month- 
long production/interference test will be conducted 
using Ashdod 3 as the production well. 
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MEXICAN-AMERICAN COOPERATIVE 
PROGRAM, CERRO PRIETO 

The Earth Sciences Division coordinates for the U.S. Department of Energy all 
scientific work on the Cerro Prieto geothermal field being done by U.S. 
organizations (Le., Lawrence Berkeley Laboratory; University of California, 
Berkeley; U.S. Geological Survey; University of California, Riverside; California 
State University at Long Beach; and Stanford University). These activities are part 
of an agreement signed in 1977 between the U.S. Department of Energy and the 
Comisi6n Federal de Electricidad of Mexico. 

The Mexican-American cooperative program at Cerro Prieto includes five major 
tasks (Le., geology, geophysics, geochemistry, reservoir engineering, and subsidence 
monitoring) whose common objective is to develop a thorough understanding of this 
geothermal resource and to study the various problems related to its exploration and 
development. The experience and knowledge gained at Cerro Prieto are directly 
applicable to the several geothermal areas identified in the neighboring Imperial 
Valley of southern California. 

The work accomplished recently by all U.S. organizations involved in this 
multidisciplinary program-in particular, the Earth Sciences Division-is described 
in the ten short articles in this section. 

The purpose of the geologic studies is to analyze all available data to determine 
the evolution of the geothermal systems and to prepare a geologic and hydrogeologic 
model of the field. The geophysical work is intended to define the dimensions and 
structure of the system and to monitor the reservoir behavior during production 
using surface geophysical techniques. 

The goal of the geochemical studies is to establish the origin of the geothermal 
fluids, the subsurface temperature and fluid flow in the field, the fluid-production 
mechanisms, and the production-induced phenomena in the reservoir. The reservoir 
engineering studies have the objective of determining the physical parameters and 
production capacity of the reservoir and modeling the performance of the field 
under different production and injection management plans. The purpose of 
monitoring ground surface deformation and changes in gravity measurements is to 
detect subsidence that could result from the extraction of geothermal fluids. 

This work was supported through U.S. Department of Energy Contract No. DE- 
ACQ3-76SF00098 by the Assistant Secretary for Conservation and Renewable 
Energy, Ofllce of Renewable Technology, Division of Geothermal and Hydropower 
Technologies, 





OVERVIEW OF THE STUDIES AT THE 
CERRO PRIETO GEOTHERMAL FIELD 

M.J. Lippmann 

July 1982 saw the end of the five-year agreement 
between the U.S. Department of Energy (DOE) and the 
Comisibn Federal de Electricidad of Mexico (CFE) to 
carry out a cooperative program of studies at the Cerro 
Prieto geothermal field, Baja California (see Fig. 1, also 
Witherspoon et al., 1978). Although great advances 
have already been made toward understanding this 
liquid-dominated system, there is still much to learn, 
and it would be advantageous to continue the program. 
Of special importance would be the continuation of 
modeling and monitoring studies as the eastern parts of 
the field begin to be exploited to provide steam for the 
two new 22@MWc power plants being built to expand 
power production from today's 180 M W ,  to 620 M W ,  
by late 1984. 

Along this line, informal meetings were held in 
August 1982 between DOE and CFE representatives to 
discuss the possibility of signing a new agreement that 
would include studies not only of Cerro Prieto but also 
of the Los Azufres field of Central Mexico. Until an 
agreement is signed, possibly before the end of fiscal 
1983, a restricted number of cooperative activities on 

Figure 1. Regional geologic map of the Salton Trough, 
showing the location of the Cerro Prieto field southwest of 
the city of Mexicali. [XBL 801-6718] 

Cerro Prieto will continue under the Geothermal Reser- 
voir Engineering and Exploration Technology programs 
of the DOE Geothermal and Hydropower Technologies 
Division. 

Most results of this five-year program have been 
reported in the proceedings of the four symposia held 
on Cerro Prieto (Lawrence Berkeley Laboratory, 1978, 
1981; Comisibn Federal de Electricidad, 1979, 1982). 
The work done in fiscal 1982 by the U.S. groups partici- 
pating in the project are summarized below; expanded 
discussions of the studies carried out by Lawrence 
Berkeley Laboratory (LBL) are given in the other arti- 
cles in this section. 

GEOLOGY 
Mineralogic and petrographic studies carried out by 

Elders et al. (1982) indicate that the very high tem- 
peratures at shallow depths at Cerro Prieto are related 
to a large, young, nearby igneous intrusive. On the 
basis of two-dimensional numerical modeling of a 
magma cooling conductively and convectively, they 
tentatively suggest a funnel-shaped gabbroic 
intrusion-probably 30,000 to 50,000 years old, some 
4 lan across, and about 5 km deep-as the probable 
heat source for the Cerro Prieto geothermal system. 
Above the main intrusion, they postulate the existence 
of a sheeted diabase/basalt dike complex typical of 
rocks formed at oceanic spreading centers. Dikes of 
this type have been found in some of the deep wells 
drilled in the eastern part of the field. 

Williams (1982) continued his work on stable iso- 
topes of oxygen and carbon in Cerro Prieto rock sam- 
ples. Temperature distributions inferred from oxygen 
isotopic data conftict locally with the measured 
downhole temperature distribution. These differences 
were thought to reflect drastic changes in fluid flow pat- 
terns caused by reservoir exploitation. Oxygen c o m p  
sitions of calcites in sandstones from new wells indicate 
that thermal reversals beneath the hot reservoir zones 
are common across the field. Calcite content and car- 
bon isotopic compositions provide information on the 
flow directions near the boundary of the geothermal sys- 
tem, since local inflowing groundwaters appear to be 
rich in organic carbon and thus produce zones 
anomalously high in calcite and low in 613C. 

Using geophysical and lithologic well logs, Halfman 
et al. (1982) developed a model of the subsurface geol- 
ogy at Cerro Prieto that includes the distribution of 
layers of different permeability and the location of 
faults important to the circulation of fluids in the field. 
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Integrating well-completion data and downhole tempera- 
ture profiles into the geologic model, these authors 
identified flow paths for the movement of geothermal 
fluids from deep sandstone layers in the east to the 
areas of surface manifestations in the west. 

Geophysics 
Goldstein et al. (1982) analyzed the magnetic ano- 

maly located about 5 km east of the power plant. Their 
magnetic interpretation of the anomaly, together with 
an analysis of the titanomagnetite in well cuttings of 
deep mafic dikes and the consideration of other geologic 
and geophysical data, gave further support to the 
hypothesis that Cerro Rieto is located in a spreading 
center into which igneous rocks are being passively 
emplaced. These authors suggest that the heat for the 
geothermal system is being supplied by an active mag- 
matic source. If the titanomagnetite grades with depth 
to magnetite, as is the usual case with mafic igneous 
rocks at oceanic spreading centers, a magma chamber 
could exist whose upper surface is at a depth of 10 to 
12 km. 

The data from three years of repetitive dipole-dipole 
resistivity measurements were analyzed by Wilt and 
Goldstein (1982). Their work revealed a zone of 
increasing resistivity associated with the region of fluid 
withdrawal, and, above and to the east of it, zones of 
decreasing resistivity. The resistivity increase is 
thought to be related to the influx of fresher, cooler 
water into the geothermal reservoir; the decreases in the 
eastern part of the field, to upward movement of deep 
saline water or to temperature rises due to upwelling 
hot waters. An increase in resistivity at shallow depths 
in the western end of the monitored line is related to 
the influx of irrigation waters. 

Majer and McEvilly (1982) reported on the seismolo- 
gic studies carried out by LBL at Cerro Prieto. The 
results from the microseismic monitoring studies indi- 
cate that the seismicity (ML I 1) in the field increased 
in the immediate production zone from 1-2 events/day 
in 1978 to 7-8 events/day in 1981, and that these 
events appear to be related to fluid production and are 
weakly connected to major tectonic events in the Mexi- 
Cali Valley. The analysis of seismic reflection data 
obtained by CFE indicates that there is a definite 
reflection associated with the contact between consoli- 
dated and unconsolidated sediments (A/B contact). 
The seismic data also clearly show Fault H identified 
by Halfman et al. (1982) on the basis of well log data. 

The changes in apparent resistivities detected from 
the dipoledipole monitoring surveys were studied by 
Pruess et al. (1982) using reservoir modeling techniques 
combined with dc resistivity calculations. On the basis 
of schematic one- and two-dimensional reservoir simula- 
tions, changes in formation resistivity were computed 
and then transformed into changes in apparent resis- 
tivity that would be observed at the surface. Produci 
tion from a liquid-dominated geothermal system wiE 
characteristics similar to those of Cerro Prieto was con- 
sidered, assuming lateral and vertical recharge of colder 
and less saline waters. Though the patterns of the com- 
puted apparent resistivity changes only partially resem- 
bled the observed field data, the results indicate that dc 
resistivity monitoring surveys are capable of providing 
indirect information on the fluid flow processes occur- 
ring in a geothermal reservoir under production. 

SUBSIDENCE MONITORING 
No leveling or horizontal control surveys were carried 

out in 1982, but the data obtained in previous years 
were analyzed with the purpose of relating measured 
ground deformation with seismic activity or geothermal 
fluid extraction. 

Lisowski and Prescott (1982) found that the results 
from 1978, 1979, and 1981 USGS horizontal control 
surveys indicate that the regional deformations around 
the Cerro Rieto geothermal field were dominated by 
coseismic effects from the Victoria earthquake of June 
9, 1980 (ML = 6.2), whose epicenter was located about 
25 km southeast of the field. According to these 
authors, the extraction of fluid may have introduced 
small preseismic changes near the production area, but 
these effects, if they actually existed, were masked by 
the large earthquakerelated changes during the m e -  
ismic period. 

Zelwer and Grannell (1982) obtained similar conclu- 
sions. By correlating precision gravity and ground sur- 
face elevation changes measured between 1977 and 
1981, they conclude that the changes were primarily 
produced by tectonic activity in the area. Their results 
also indicate that the geothermal reservoir was being 
almost completely recharged and that rock densification 
was occurring in the reservoir region. 

Grannell et al. (1982) reviewed their past precision 
gravity work and analyzed the data to establish the pos- 
sibility of geothermally induced ground subsidence. 
They also detected the unmistakable subsidence associ- 
ated with the 1980 Victoria earthquake, and observed 
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20-35 pgal of significant change at several stations in 
the western part of the field. The pattern of the 
changes in this area is elliptical in a NW-SE direction, 
parallel to the structural grain and faulting in the 
region. According to these authors, these gravity 
changes might be related to subsidence of possible deep 
geothermal origin. 

A different type of study was carried out under the 
subsidence task of the Mexican-American program. 
Schatz (1982) continued laboratory testing of rock 
cores obtained from Cerro Prieto wells to establish their 
short- and long-term compaction response. He found 
that the rocks behave quite normally with respect to 
instantaneous compaction as caused by porepressure 
reduction (compressibilities of the order of 10d/psi) 
and that they present a tendency to compact further 
with time (creep compaction rate of the order of 
10-9/s). These results indicate that even though instan- 
taneous compaction-related subsidence might be small, 
long-term creeprelated subsidence might be significant 
in the area. 

GEOCHEMISTRY 

Making use of stable water isotopes, tritium values, 
and chemical composition data, Makdisi et al. (1982) 
concluded that: (1) groundwater in the northern and 
central regions of the Mexicali Valley originates from 
the Colorado River; (2) groundwater near Cerro Prieto 
originates from a mixture of Colorado River water and 
geothermal brines; (3) other western groundwaters are 
mixtures of Colorado River water and water from a 
paleoequivalent to the present Salton Sea; (4) variations 
in the groundwater chemistry within a given region 
result from mineral-water reactions dependent on the 
lithology of the reservoir rocks, as well as evaporation 
and mixing; and ( 5 )  higher groundwater temperatures 
in the southern and western areas of the Mexicali Val- 
ley probably increase rates of ion exchange reactions 
that produce higher salinities. 

Truesdell and Henley (1982) investigated the chemi- 
cal equilibrium between Cerro Prieto geothermal fluid 
and detrital and alteration minerals of the reservoir. 
The fluid appears to be in equilibrium with aquifer 
minerals. On the other hand, the dissolved gases 02, 
H2S, H,, N2, and NH, are in equilibrium with each 
other, although CH, equilibria are apparently frozen in 
at temperatures somewhat above those of the reservoir. 

In their study of the variation of carbon-13 in Cerro 
Prieto fluids, Janik et al. (1982) found that the changes 
in the carbon-13 content in CO, over time and location 

in the field indicate the deposition of calcite in near- 
well boiling zones and later redissolution. They suggest 
that the source of the carbon may be magmatic or of 
mixed sedimentary origin, with CO, from some surface 
manifestations heavily influenced by decomposition of 
organic matter. 

Nehring and Valette-Silver (1982) studied the gas 
reactions in the Cerro Prieto reservoir. Substantial 
changes in gas composition from 1977 to 1982 sug- 
gested that the boiling zone in the old part of the field 
was no longer expanding and had possibly receded 
because some of the production wells had been shut in. 
The distribution of gases observed in 1982 indicated 
that cooler water was leaking into the producing reser- 
voir from above. Gas compositions from surface man- 
ifestations showed a loss of H,S and an increase in N, 
relative to the wells. According to these authors, H,S 
is lost by reaction with metal ions to form metal 
sulfides or with air to form sulfates. Nitrogen is intro- 
duced with groundwater from the east, mixing with 
geothermal water as it ascends to the surface. 
Des Marais et al. (1982) measured the hydrocarbon 

abundance and stable carbon isotope composition in 
fluids from various Cerro Prieto wells. In an attempt to 
simulate the production of the geothermal hydrocar- 
bons, parallel measurements were made on gases from 
the laboratory pyrolysis of “coal” obtained from sam- 
ples of one of the wells. The best correlation between 
the laboratory and well data was obtained when labora- 
tory produced gases from experiments at 400°C and 
600°C were mixed. This suggested that the wells are 
sampling hydrocarbons produced over a range of depths 
and temperatures in the sediments. 
To evaluate the thermodynamic behavior of the Cerro 

Prieto reservoir under exploitation conditions, Semprini 
and Kruger (1982) studied the temporal and spatial 
variations in radon concentration in the produced fluids. 
They observed a nonlinear correlation between radon 
content and specific volume of the fluids, indicating 
changes in equilibrium conditions during transport in 
the reservoir. Between 1980 and 1982 the area encom- 
passing radon concentrations greater than 1 pCi/kg had 
significantly increased, but the area within the 0.5 
pCi/kg contour had not. This indicated that steam 
saturation had not increased in the outer regions of the 
production area, supporting the model of Grant et al. 
(1981), in which recharge prevents the function of an 
extended two-phase zone in the western parts of the 
field. 

Semprini and Kruger (1982) also compared ammonia 
data to the radon data. This comparison indicated 
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southwest movement of reservoir fluids and gave evi- 
dence that noncondensable gases are lost to a vapor 
phase developing with exploitation from deeper wells in 
the northeastern region of the field. 

RESERVOIR ENGINEERING 
Goyal et al. (1982) analyzed the distribution of heat 

and mass production in the field to determine the initial 
state of the a and /3 geothermal reservoirs and the 
behavior of these aquifers under exploitation. They 
also considered the changes in production characteris- 
tics in different wells and the interference effects 
between wells to establish the existence of flow barriers 
and cold boundaries in the reservoirs. 

Grant and O'Sullivan (1982) used observed chemical 
and thermal changes in the reservoir to study the 
recharge characteristics of the old (western) production 
field. Using pressure changes, they calculated the per- 
meability of the layer overlying the reservoir and found 
it to be considerably less permeable than the producing 
aquifer but not sufficiently impermeable to exclude 
inflow of cooler waters from above. The authors con- 
cluded that the producing (a) reservoir in the old field 
is best considered as a leaky aquifer. They estimated 
that onequarter to one-half of its recharge derives from 
cooler rock immediately above it. 

Lippmann and Bodvarsson (1982) used numerical 
simulation techniques to study both the natural flow of 
heat and mass through the Cerro Prieto system and the 
impact of fluid production on the behavior of the field. 
The results indicate that the system in its natural state 
is recharged from the east with deep hot water and 
from the west with colder water. Their studies show 
that during exploitation most of the fluid recharge 
comes from the west and from shallow layers. The 
models indicated that production-induced recharge from 
the east was small because of the presence of a res- 
tricted twephase zone in the system. During the 
1973-1978 period considered in this study, no extensive 
twephase zone developed in the reservoir because of 
the large fluid recharge in response to production. 

Using a twedimensional vertical reservoir model, 
Tsang et al. (1982) studied the response of the Cerro 
Prieto field to different reinjection schemes. The 
results show that significant pressure-sustaining effects 
can be obtained in the producing reservoir by reinject- 
ing 30% of the fluid extracted. It was found that the 
breakthrough of the injected cold water into the produc- 
tion zone is strongly dependent on the location of the 
injection wells, indicating the need of a carefully 

planned and monitored production-injection operation to 
optimize the extraction of the heat stored in the reser- 
voir rocks. 

CONFERENCES 
The fourth and last Symposium on Cerro Prieto was 

held August 10-12, 1982, in Guadalajara, Mexico, fol- 
lowed by a field trip to the Los Azufres geothermal 
field. This time the meeting was organized by CFE 
with the assistance of DOE and LBL. About 150 
engineers and scientists, mainly from Mexico and the 
U S ,  attended the meeting. The proceedings of this 
symposium are being prepared by CFE and are 
expected to be published in late 1983. 

During fiscal 1982 the 582-page proceedings of the 
Third Symposium, held in March 1981, were issued 
(Lawrence Berkeley Laboratory, 1981), and nine 
selected papers from the Second Symposium (October 
1979) were published in the journal Geotherrnics (v. 
10, no. 3/4). 

Mexican and American engineers and scientists 
active in the cooperative program spent two and a half 
days at a workshop in mid-January 1982 at San Felipe, 
Baja California, to discuss latest results and to outline 
future research activities at Cerro Prieto (Zelwer, 
1982). 
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FLUID F l B W  MODEL OF THE CERRO 
PRIETO GEOTHERMAL FIELD 

S. E. Halfman, M. J. Lippmann, R Zelwer, 
and J. H. Howard* 

To accurately assess the future potential of the Cerro 
Prieto field, it is important to determine the circulation 
pattern of the geothermal fluids in the subsurface. A 
hydrogeologic model of the geothermal system has been 
developed on the basis of data from over 90 wells that 
have been drilled in the field (Fig. 1). The results 
obtained from this model are relevant to reservoir 
engineering studies of the field, and the methodology 
used should be applicable to other geothermal systems 
situated in a sedimentary environment. 

Figure 1. 
at Cerro Prieto. [XBL 827-2320Bl 

Location of wells, faults, and cross section A-A' 

*Cities Service Company, Tulsa, oldaboma 74102. 
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METHODOLOGY 
A geologic model of the Cerro Prieto field was first 

constructed from geophysical and lithological well logs. 
Downhole temperature profiles and well production 
interval data were then incorporated into the geologic 
model to develop a geothermal fluid flow model that 
would determine the actual fluid flow paths. This 
model was then used to identify the lithologic and 
structural features that control the movement of the 
geothermal fluid. 

GEOLOGIC MODEL 

Faults 
Previously, faults in the Cerro Prieto field were 

identified by significant differences in the depth of the 
A/B contact. This contact, between the unconsolidated 
(A unit) and the consolidated (B unit) sediments 
( h e n t e  and de la Peiia, 1978), is now believed to be 
due to post-depositional events in which the sediments 
of the B unit have become indurated due to the heat of 
the geothermal system (Elders et al., 1978; Halfman 
et al., 1982). Therefore, it should not be used as a 
marker for correlating beds or identifying faults. 

In our work, three buried normal faults that have an 
important impact on geothermal flow have been 
identified, mainly by the significant vertical displace- 
ments observed in well log correlations (Halfman et al., 
1982). These faults have been named Faults H, L, and 
S and are shown in plan view in Fig. 1. When geother- 
mal fluid reaches these faults, it tends to ascend along 
them until it encounters a permeable sand unit through 
which it will flow horizontally. 

Lithofacies Cross Sections 

The sediments are classified into three lithofacies 
groups (sandstone, sandy-shale, and shale). Following 
in general the approach of Lyons and van de Kamp 
(1980), we have defined lithofacies according to the 
thickness of sand (or shale) beds and well log charac- 
teristics. 

Basically, sandstone beds are thick, permeable, and 
well defined (with some interbedded shales) in the 
sandstone group, but are thinner and less permeable 
(with a higher percentage of intercalated shales) in the 
sandy-shale group, and even thinner ((10 ft) and less 
frequent in the shale group. After assigning the beds to 
the different lithofacies groups, lithofacies cross s e e  



tions were constructed incorporating the faults previ- 
ously defined (Fig. 2). 

The well logs for the lithofacies shown in cross s e e  
tion A-A' (Fig. 2) show fairly normal readings for the 
sandstones and shales overlying Shale Unit 0. Shale 
Unit 0 and Sand Unit Z, however, show anomalous log 
readings because they have been affected by the circu- 
lation of geothermal fluids. 

Shale Unit 0 is a thick, impermeable, low-porosity 
unit that has become indurated, showing anomalously 
high density and deep induction log values. It essen- 
tially acts as a local cap rock to the movement of the 
geothermal fluid. On the other hand, Sand Unit Z, 
below Shale Unit 0, consists of thick, permeable sands 
whose high porosity may be due to dissolution (Lyons 
and van de Kamp, 1980). Its sandstone beds have 
anomalously low density readings and low deep indue 
tion log readings. The sandstone beds in Sand Unit Z 
act as a conduit through which the geothermal fluid 
tends to flow. 

Geothermal Fluid Flow Paths 

Following the method outlined by Howard (1981), we 
found that the actual fluid flow paths become readily 
apparent when downhole temperature profiles (Bermejo 
et al., 1979; Bermejo, personal communication, 1982) 
and well production intervals were superimposed on the 
lithofacies section A-A' (Fig. 2). In this section the 
parts of the temperature profiles shown by heavy lines 
indicate temperatures of 300°C or greater. The max- 
imum temperatures of cooler wells are indicated next to 
the corresponding curve. Also shown in Fig. 2 are the 
A/B contacts (Cobo, 1981). 

From Fig. 2 it can be seen that the logs show sharp 
temperature gradient increases near the A/B contact 
and that the A/B contact, the producing intervals, and 
the increases in gradient temperature are observed to be 
at progressively greater depths toward the east. Well 
M-117 does not conform to this trend, however, and 
will be discussed below. 

Comparison of the temperature profiles with the 
lithology of wells M-104, M-150, and NL1 indicates 
that sharp increases in temperature occur near the 
boundary between Shale Unit 0 and the overlying sand 
unit. In wells E-3, M-29, and M-9, this increase is 
observed near another shale bed, which occurs in well 
M-29 at the same depth as the A/B contact. The 
increase in temperature, therefore, suggests that the 
shale units must be barriers to convective heat tran- 
sport; i.e., they are essentially acting as local cap rocks. 

According to W. Elders (personal communication, 
1982), the heat source for the Cerro Prieto system is 
associated with a swarm of dikes intruded in the eastern 
regions of the field. These rocks heat the circulating 
fluid, which is thought to enter the field from the east 
through Sand Unit Z underlying Shale Unit 0 and then 
move westward toward Fault H (arrows in Fig. 2 indi- 
cate the direction of fluid flow). The fluid then flows 
up Fault H until it encounters the bottom of Shale Unit 
0. A small portion of the fluid continues up Fault H, 
resulting in a temperature of 300OC at a shallow depth 
in well M-117. Most of the fluid, however, moves west- 
ward into Sand Unit Z below the upthrown Shale Unit 
0. This flow continues until it reaches a sandy gap in 
Shale Unit 0, in the area around well M-10. There, 
the geothermal fluid flows upward through the gap, 
resulting in high temperatures in well M-10 at shallow 
depths. Some of the fluid enters the southwestern part 
of Shale Unit 0, which is sandier than in the east, and 
moves westward until encountering Fault L. There, the 
fluid flows upward through this fault and then westward 
through the sands above Shale Unit 0. Fluid that does 
not enter Shale Unit 0 continues to flow westward 
through the underlying Sand Unit Z. Eventually some 
fluid leaks to the surface through the Cerro Prieto Fault 
Zone, which bounds the field to the west (see Fig. l ) ,  
and the rest mixes with the colder waters that surround 
the geothermal anomaly. 

Throughout the field, the /3 reservoir is located in the 
sands beneath Shale Unit 0. The a reservoir is res- 
tricted to the portion of Shale Unit 0 west of the rail- 
road tracks. The geothermal fluid flowing westward 
through the /3 reservoir is also able to flow into the a 
reservoir through the sandy gap in the vicinity of well 
M-10. Thus our model indicates that the two reservoirs 
are interconnected, contrary to what was postulated by 
Prian (1981) and Sanchez and de la Peiia (1981). 

CONCLUSIONS 
Figure 3 is a contour map of the top of Sand Unit Z, 

which corresponds to the top of the /3 reservoir. The 
postulated direction of geothermal fluid flow through 
these sands is indicated by the arrows. As shown by 
this figure, the fluid is generally believed to enter the 
field (at great depth) from the east, gradually moving 
westward (and rising to shallower depths), and finally 
leaking to the surface in the western regions of the 
field. Several wells to the east are cooler (e.g., M-189 
and M-92). This suggests that the hot fluids entering 
the field from the east flow north of these wells. 
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Figure 3. Contour lines indicate the top of the B reservoir. 
Arrows indicate the direction of geothermal fluid 
flow. [XBL 8210-25791 

This work is consistent with mineralogic (Elders et 
al., 1981), thermal (Mercado, 1976), reservoir engineer- 
ing, and geochemical (Grant et al., 1981) studies car- 
ried out in this geothermal system. Our results form 
the basis for numerical modeling of the behavior of the 
Cerro Prieto field in its natural state and under exploi- 
tation (Lippmann and Bodvarsson, 1982; Tsang et al., 
1982). 
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DIPOLEDIPOLE RESISTIVITY 
MONITORING AT CERRO PRIETO 

M. J.  Wilt and N E .  Goldstein 

In 1978 the Lawrence Berkeley Laboratory (LBL), in 
cooperation with the Cornision Federal de Electricidad 
(CFE), began monitoring changes in subsurface resis- 
tivity by making dipole-dipole surface resistivity meas- 
urements over the Cerro Prieto geothermal field (Fig. 
1). The project goals were to delineate subsurface 
resistivity structure at Cerro Prieto, including reservoir 
boundaries, and to detect changes in the subsurface 
resistivity due to continuing fluid extraction. A per- 
manent array of electrodes was established with 1-km 
spacing, and the measurements were repeated annually 
as an indirect means for observing changes in the reser- 
voir region due to production. 

Figure 2 shows the working two-dimensional resis- 
tivity model that we derived by fitting field data taken 
over line E-E' to data calculated by means of a two- 
dimensional resistivity modeling program (Wilt and 
Goldstein, 1979). Figure 3 shows the position of the 
line in relation to the present well field. Two of the 
significant characteristics of the resistivity model are 
the relatively high resistivity zone (4.0 ohm-m) associ- 
ated with the reservoir rocks and the steeply dipping 
(1.5 ohm-m) conductive body located east of the p r e  
duction zone. The high-resistivity region surrounding 
the production intervals can be attributed to reduced 
porosity, mainly of the shale units, as a result of secon- 
dary mineral deposition and hydrothermal metamor- 
phism (Wilt and Goldstein, 1979; Elders et al., 1981). 
The steeply dipping conductive body is associated with 
high thermal gradients and an increasing thickness of 
shales in this part of the section (Halfman et al., 1982). 
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During the initial two years of resistivity monitoring, 
significant apparent resistivity changes were observed 
that we believe reflect changing subsurface conditions 
at reservoir depths (Wilt and Goldstein, 1981). Over 
the production zone, for example, apparent resistivity 
was increasing at an annual rate of 5 to 10%. This 
change was attributed to (1) an influx of cooler, fresher 
water that replaces the hot brine and (2) possible poros- 
ity reduction caused by the precipitation of secondary 
calcite as the cooler water comes into contact with hot 
rock (Elders et al., 1981; Wilt and Goldstein, 1981). 
Immediately eastward and westward of the original pro- 
duction area, concurrent decreases in apparent resis- 
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Figure 1. ha t ion  map of the resistivity monitoring 
lines. [XBL 788-1632] 
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Figure 2 Two-dimensional resistivity model over line E-E’.O [XBL 791@1304oA] 

tivity of the same magnitude were observed. The cause 
of decreasing resistivity in these areas is more difficult 
to explain. 

RECENT RESULTS 
Figure 4 shows apparent resistivity changes relative 

to baseline data taken in 1979 plotted as pseudosections 
for time intervals of 1, 1.5, and 2.5 years after the 
baseline data taken in 1979. The data are plotted as 
percent change relative to the 1979 data. A similar 
trend of change is observed for all three plots. Little 
change is observed for small n-spacings over the part of 
the line that crosses the production zone; the part of the 
line adjacent to the Cucag Mountains, however, shows 
large changes at small n-spacings, especially in the 
more recent measurements. This implies that measure- 
ments taken at points located over the production field 
will mainly show the effect of deep changes within the 
subsurface, whereas measurements at points adjacent to 
the Cucap2s may be dominated by the near-surface 
effects. The pattern of apparent resistivity difference 
for n-spacings greater than 2 is remarkably similar on 
all three plots. All plots show a significant increase in 
apparent resistivity for P in ts  corresponding to the 
present production zone. They also show a significant 

Figure 3. 
line E-E’ in relation to the well field. [XBL 811-2532Cl 

Station location map for dipole-dipole resistivity 
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Pseudosection plots of apparent resistivity differences relative to spring 1979 data  set. [XBL 825- 

decrease in apparent resistivity for points at similar 
depths, but located east of this zone. The changes also 
seem to be intensifying with time. In the production 
zone, apparent resistivity seems to be increasing at an 
annual rate of about 5% (Figs. 3 and 4); to the east of 
this zone, the annual rate of decrease is perhaps 7%. 

Apparent resistivities have increased dramatically at 
the western end of line E-E'. Increases of up to 211% 
have been observed over the last 2.5 years, with an 
average increase of more than 2Wo for the near surface 
over the westernmost 4-5 km of the line (Fig. 4). Two 
factors are likely for this overall resistivity increase. 
First, a number of small farming plots have recently 

been established at this end of the line, and the water 
supplied mainly via irrigation canals is significantly 
fresher than the native groundwater. A second factor is 
that groundwater quality as monitored in Mexicali Val- 
ley water wells has shown a general improvement over 
the past several years. This improvement is attributed 
to an increase in Colorado River water recharge due to 
heavier precipitation and runoff in the U.S. 

Within the production zone the apparent resistivity 
has increased at an annual rate of about 5%. This 
increase has largely been attributed to an influx of 
fresher groundwater into the system in response to the 
drop in pressure caused by fluid production (Wilt and 
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Goldstein, 1982). Secondary causes may be the forma- 
tion of twephase zones due to local boiling near the 
wells and porosity reduction due to precipitation of cal- 
cium carbonate as cool waters come into contact with 
hot rock. Chloride concentration in produced water has 
shown a sharp and continual decrease for many of the 
Cerro Prieto wells over the past 2.5 years (Grant et al., 
1981; AH.  Truesdell, personal communication, 1982). 
Since the amount of dilution is consistent with the 
observed increase in resistivity, it is likely that dilution 
is the major cause for the observed resistivity increase. 
This raises the question of how the recharge waters 
enter the reservoir rocks. Geochemical data suggest 
that fresh water enters the system from the sides and 
from above through a leaky cap rock (Grant et al., 
1981). The resistivity data do not indicate a particular 
pathway for fluid entry, since measurements are limited 
to one profile. Water entering from the plane of the 
profile therefore cannot be distinguished from move- 
ment parallel to the profile. Since groundwater to the 
north and northeast of the field is considerably less 
saline (more resistive) than in the reservoir rocks 
(Grant et al., 1981), it is possible that water may be 
entering the system from this direction. Clearly, an 
additional measurement line is needed to establish a 
direction for subsurface flow. 

The zone of decreasing resistivity in the region east 
of the present production area, between stations 12 and 
16, is a major feature in Fig. 4, but its cause is not well 
understood. The twedimensional resistivity model 
(Fig. 2) indicates that this region is associated with the 
eastern flank of the thermal dome, which is marked by 
a steeply dipping, 1.5 ohm-m conductive region that is 
impacted by cooler, higher-resistivity water entering the 
deltaic sediments from the Colorado River. Analysis of 
temperature measurements and geophysical well logs 
shows that the 1.5 ohm-m zone correlates with an area 
of high thermal gradients and, in the western part, with 
an increased percentage of shale in the section (Half- 
man et al., 1982). The deeper parts of the shale are 
thought to act as a "leaky" cap rock, allowing ground- 
water into the system but still maintaining a relatively 
high thermal gradient. 

Although temperature has an important effect on 
observed resistivity, it is not likely that changing tem- 
perature accounts for the bulk of the observed resis- 
tivity decrease, since this would require a large adjust- 
ment in the temperature distribution. It is more likely 
that much of this change is related to changes in pore 
fluid salinity. The deeper waters of the Mexicali Valley 
are known to be quite saline, and these waters may 

move upward and laterally in response to production- 
induced pressure changes. It is possible that decreasing 
resistivity in the shallower and initially cooler parts of 
the region are predominantly caused by temperature 
increases due to upward moving hot waters-for exam- 
ple, through fault zones. On the other hand, resistivity 
decreases in the hot, deeper portions of the region, 
where temperature effects on resistivity are minor, may 
be related to an influx of more saline groundwater. 
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SIMULATION AND RESISTIVITY 
MODELING OF A GEOTHERMAL 
RESERVOIR WITH WATERS OF 

DIFFERENT SALINITIES 

K. Pruess, M.J. Wilt, G.S. Bodvarsson, 
and N. E. Goldstein 

Surface resistivity measurements have often been suc- 
cessfully employed in geothermal exploration because 
geothermal reservoirs usually have an associated resis- 
tivity anomaly that, when interpreted in conjunction 
with thermal and geochemical data, permits approxi- 
mate identification of field boundaries. Resistivity data 
are often relied upon for initial resource evaluation and 
for targeting exploratory wells. 

For several years resistivity sounding and modeling 
have been carried out at Cerro Prieto by the Lawrence 
Berkeley Laboratory (LBL) and the Comisibn Federal 
de Electricidad (CFE). This work has identified sub- 
surface structures that correlate well with productive 
horizons and geologic models of Cerro Prieto based on 
independent data. Repetitive resistivity measurements 
made since 1979 by LBL have achieved a level of preci- 
sion and reproducibility that make possible the clear 
identification of temporal changes attributable to the 
largescale exploitation of the reservoir. Wilt and Gold- 
stein (1981) have discussed possible mechanisms that 
could cause the observed resistivity changes at Cerro 
Prieto. These include (1) recharge of fluids with 
different salinity, (2) formation of two-phase zones near 
the wells, and (3) changes in reservoir temperature. 
The present work has examined in more detail the feasi- 
bility of applying resistivity measurements for monitor- 
ing reservoir processes caused by exploitation. We have 
used numerical modeling techniques to study migration 
of waters of different temperature and salinity in 
response to production, and we have used simulated 
changes of temperature and salinity to predict changes 
in apparent resistivity at the surface (Pruess et al., 
1982). Our studies have employed rather schematic 
and simplified reservoir models in order to demonstrate 

Cerro Prieto Geothermal Field, Baja California, 
Mexico, August 10-12, 1982. Mexicali, Comisibn 
Federal de Electricidad, in preparation. 

how reservoir engineering and geophysical techniques 
can be combined for monitoring reservoir processes 
caused by exploitation. We have not attempted to con- 
struct a detailed model of the Cerro Prieto field; how- 
ever, we have employed formation parameters, thermo- 
dynamic conditions, and overall dimensions repre- 
sentative of Cerro Prieto, so that our results should per- 
mit a realistic assessment of the proposed methodology. 

SIMULATION OF A RESERVOIR WITH 
TWO WATERS OF DIFFERENT SALINITY 

We have considered production of liquid water from 
a porous reservoir with an initial temperature of T = 
300°C. The vertical pressure profile is assumed hydros- 
tatic, with an average pressure of P, = 120 bars. The 
reservoir communicates with recharge waters of T = 
100°C above and/or at the margins. The mass fraction 
of recharge water is denoted by x; initially x = 0 in 
the reservoir. The recharge waters are assumed to be of 
lower salinity than the water initially in place in the 
reservoir. For purposes of numerical modeling, how- 
ever, we ignore all differences in thermophysical proper- 
ties arising from different salinity, such as differences 
in viscosity, density, and boiling curve. We write 
separate mass balances for “water 1” (x = 0) and 
“water 2” (x = l) ,  which makes it possible to keep 
track of the individual waters as they start flowing and 
mixing in response to production. 

The reservoir simulations reported below were carried 
out with LBL‘s compositional simulator MULKOM, 
which is similar to the geothermal reservoir simulator 
SHAFT79 (Pruess and Schroeder, 1980), except that 
two water components are included. 

Several different cases were considered. The most 
realistic model is a two-dimensional vertical section, 
with both vertical and lateral recharge and gradational 
changes in temperature and salinity. The vertical 
recharge zone begins 600 m below ground surface and 
extends to the reservoir top at 800 m depth (see Fig. 1). 
The reservoir height is H = 400 m, and the lateral 
dimension is 1600 m. Because of symmetry, only half 
of the system needs to be modeled. Laterally, the 
reservoir is connected to a recharge zone of 1000 m 
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Two-dimensional reservoir model for vertical and 

length with boundary conditions of T = 100°C, x = 1 
on the outer boundary. The initial variations in tem- 
perature and fluid composition between reservoir and 
vertical and lateral recharge boundaries are assumed to 
be smooth. Reservoir porosity is 15%. Production is 
made at a volumetric rate corresponding to the average 
rate of 2160 tons/h employed at Cerro Prieto. 

m2, corresponding to a kH of 40 X m3. This 
agrees closely with the “field value” of 36 X m3, 
which can be derived from an average transmissivity of 
k H / p  = 0.4 X m3/Pa-s (Liguori, 1979) and p 
(300°C) = 9.01 X Pa-s. Vertical permeability 
was assumed to be 10% of horizontal permeability. For 
these permeabilities, the reservoir can easily sustain the 
applied production rate. The largest observed pressure 
decline after 5 years is approximately 1 MPa, so that 
pressures remain well above saturation pressure and no 
two-phase zones evolve. 

The composition profiles for layers C, E, and G after 
3 years of simulation are shown in Fig. 2. The initial 
composition profile (t  = 0) is included for reference. 
The effects of vertical and lateral recharge, as well as 
buoyancy effects, are clearly evident. The interior of 
the production region (left side, Figs. 1 and 2) is dom- 
inated by vertical recharge, which is strongest for the 
topmost layer. Accordingly, the mass fraction of 
recharge water is greatest in layer G and smallest in 
layer C near the bottom of the reservoir. A different 
picture is observed at the reservoir margins at a dis- 
tance of 800 m from the symmetry line. There, lateral 
recharge is dominant, which, because of buoyancy 
effects, tends to be stronger in the lower portions of the 

Horizontal permeability is taken to be 100 X 

D1 E3 D5 E7 
Sources Distonce from symmetry line ( m l  

Figure 2. Composition profiles for two-dimensional 
model. [XBL 825-2254] 

reservoir, so that x (layer C) > x (layer E) > x (layer 
G). The buoyancy effects cause x (layer G) to decrease 
more rapidly away from the lateral recharge boundary 
(at 1800 m distance from the symmetry line) than is 
observed for layer E or C. The decrease in x (layer G) 
is reversed inside the reservoir because of vertical 
recharge, giving rise to a minimum in x (layer G) near 
the reservoir margin (800 m). A complex interplay of 
vertical and lateral recharge is also observed for layer 
E. 

RESISTIVITY MODELING OF A 
RESERVOIR WITH WATER MIXING 

A twedimensional finite difference computer code 
was used in numerical calculations for resistivity 
models in this study. The code RESIS2D solves finite 
difference equations for the electric potentials in or on 
the surface of a two-dimensional half-space with an 
arbitrary conductivity distribution (Dey, 1976; Dey and 
Morrison, 1976). Computer simulation may be done for 
a wide variety of surface and downhole resistivity 
arrays. The accuracy of the code has been verified by 
comparing results to analytical solutions and analog 
models. 

The initial subsurface resistivity distribution assumes 
a 5-ohm-m surface, corresponding to a cap rock, a 15.6- 
ohm-m background (sedimentary rock with 15% porosity 
and saturated with 100°C water at 0.3 wt% NaCl), and 
a reservoir region with initial resistivity of 2.15 ohm-m. 
This number was derived by adjusting the background 
the reservoir region. 
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Resistivity calculations were done for the dipole- 
dipole resistivity array over the producing zone. The 
calculations assume a station spacing of 800 m and rr 
spacings of 1 to 8, i.e., the distance between transmitter 
and receiver is 1 to 8 times the 800-m station spacing. 
This corresponds to a maximum source-receiver separa- 
tion of 7200 m. We have calculated resistivity pseu- 
dosections for dipole-dipole surveys before exploitation 
and then at times of 0.5, 1, 3, and 5 years after produci 
tion began. The resistivity distribution was adjusted to 
account for subsurface temperature and salinity changes 
due to production. Apparent resistivity differences 
between the preproduction and subsequent “surveys” 
were then calculated on a point-by-point basis and 
presented in pseudosection form. 

There is very little change after 6 months, and after 
1 year only moderate change is observed. The inter- 
mediate zone seems to act as a buffer, slowing the rate 
of apparent resistivity change compared to the previous 
cases with step changes in temperature and salinity. 
Figure 3 shows percent difference pseudosections for 3 
to 5 years after the onset of production. After 3 years 
much of the less saline water reaches the production 
region, resulting in rather large resistivity changes. 
After 5 years the maximum resistivity change 
approaches 25%, and a change of more than 10% occurs 
for the n = 1 points overlying the reservoir. 

DISCUSSION 
Despite the large rate of production, the apparent 

resistivity changes are small after 1 year of production, 
and during such early times reservoir-related changes 
could be totally obscured by seasonal variations in rain- 
fall, runoff, or irrigation (Wilt and Goldstein, 1982). 
However, given sufficient production time, the recharge 
waters will affect the reservoir region, so that the pat- 
tern of resistivity change may help determine the 
parameters of fluid circulation. 

It is interesting to compare our calculated resistivity 
results to the actual monitoring measurements in Cerro 
Prieto (Wilt and Goldstein, 1982). Figure 4 shows the 
percent changes in apparent resistivity along a line over 
the production region (line E-E’) at times of 1, 1.5, 
and 2.5 years after the 1979 baseline measurements. 
Additional details concerning the monitoring work are 
given in Wilt and Goldstein (1982). The field data 
show a far more complex pattern of change than the 
relatively simple models used in the present study, but 
there are some striking similarities in pattern and 

magnitude of resistivity change, particularly in the pro- 
duction zone, which is located between kilometers 9 and 
13. This area has shown a continuous and steady resis- 
tivity increase very similar in character to the arc-like 
patterns of our generic model, but with only half of the 
arc present. The other half is replaced with a zone of 
decreasing resistivity. The pattern seems to suggest 
that resistivity in the western part of the reservoir may 
be changing in accordance with our model, but in the 
eastern portion of the reservoir more complex processes 
are taking place. According to a fluid model, based on 
a lithofacies analysis and temperature profiles (Halfman 
et al., 1982), recharge to the a reservoir is in part hot 
water ascending from below and from the east along 
permeable paths provided by a combination of faults 
and sandstone units. This circulation system might 
explain the differences between the actual resistivity 
changes and those simulated. The obvious next step is 
to attempt verification of the proposed fluid flow model 
by means of a more rigorous simulation study. 

The conclusion from this study is that it appears 
feasible to use resistivity surveys as a means for moni- 
toring reservoir processes. Though our schematic 
models predict resistivity changes that are roughly con- 
sistent with field observations, more detailed reservoir 
models are required to adequately represent the field 
data. For most geothermal reservoirs, the patterns of 
fluid flow and resistivity change will be three dimen- 
sional. Therefore, accurate resistivity monitoring 
requires measurements along several intersecting 
profiles. The proposed methodology should also be 
applicable for monitoring the migration of reinjected 
fluids. 
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SEISMOLOCICAC STUDIES AT CERRO 
PRIETO 

E. L. Majer 

For the past four years, Lawrence Berkeley Labora- 
tory (LBL) and the University of California seismo- 
graphic station have been involved in monitoring the 
microseismicity of the Cerro Prieto geothermal produo 
tion area (h4ajer and McEvilly, 1982). During this 
time, three detailed microearthquake studies have been 
carried out, each of approximately one month duration. 
In addition to these detailed studies, which involved 
close station spacing (1-2 km, see Fig. 1) with 10-15 
stations, long-term monitoring has been carried out 
using a three-component downhole (100-m) geophone. 

Before these studies, it was well known that this area 
is seismically active. Surveys by others (Albores et al., 
1980) have shown the Cerro Prieto vicinity to be active 
at levels of seismicity not unexpected for this area. 
However, these studies usually involved large station 
spacing (10-15 km) and were aimed at investigating the 
regional tectonics of the area. The objectives of the 
detailed microearthquake (MEQ) studies were to 
characterize the seismicity within the immediate pro- 
duction zone relative to known levels of “normal” 
seismicity for this area. 

Sought were answers to such questions as 

1. How does the MEQ activity relate (if at all) to 

2. Does the MEQ activity vary with time? 
3. If so, does the variation relate to the tectonics or 

to production activities? 
4. Could the MEQ activity be related to such param- 

eters as (a) heat sources, (b) recharge zones, or 
(c) production zones? 

5. Could MEQ studies be useful for reservoir 
management or trace expansion or contraction of pro- 
duction horizons? 

In addition to the microearthquake studies, many 
other geophysical studies have been carried out at Cerro 
Prieto. Correlation with these studies provided a 
unique opportunity to develop new techniques and 
understand the relevance of microearthquake surveys. 
One of these studies was the extensive seismic reflection 
work that was carried out by CFE. The areas of study 
are shown in Fig. 2. The processing of these data was 
conventional and was carried only through final stack- 

production activities? 

\ 

\ 

A Station \ 

Well -1km * Earthquake 1980 
0 Earthquake 1981 

b 
I 
N 

%a 1978 Sequence 

Figure 1. Location of earthquakes during the 1978, 1980, 
and 1981 detailed microearthquake surveys. [XBL 821- 
1773AI 

ing. No deconvolution, migration, or detailed velocity 
analyses were done. 

RESULTS 
The Cerro Prieto field lies within the tectonically 

active Salton Trough, which is dominated by right- 
lateral strike-slip faulting. It has been hypothesized by 
others that the occurrences of geothermal activity with 
the Salton Trough coincide with areas of transform 
faulting (Elders et al., 1972). It is argued that the 
ensuing pull-apart basins result in crustal thinning and 
allow magma to ascend to shallow depths, providing a 
heat source for geothermal activity. 

If transform faulting is the cause for the heat source 
at Cerro Prieto, one could expect the earthquake 
mechanisms to be consistent with northwest-southeast 
tension, i.e., normal faulting in the transformed zone. 
Moreover, because the Salton Trough is relatively 
active tectonically, it would not be unreasonable to 
expect these areas to be seismically active (assuming 
near normal b-values). The Imperial and Cerro Prieto 
fault systems, which form the strike-slip portions of the 
transform faulting in this region, have been the loca- 
tions of several large earthquakes in the past several 
years (ML = 6.6, October 1979; ML = 6.7, August 
1980, Albores et al., 1980; Wong and Frez, 1981). 

Shown in Fig. 1 is a summary of the measured 
seismicity in the immediate production zones from 
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Figure 2. Index map showing the location of CFE's seismic reflection lines. [XBL 801-6752] 

'i three periods of monitoring. The 1980 and 1981 studies the overall seismicity rates. In this way, a baseline of 
were identical, using the same station placement and 
instrumentation (4.5-Hz vertical geophones with the 
data telemetered by FM to a van located near well M-6, 
where they were digitized at 100 samples/s and pro- 
cessed on line in real time with ASP) McEvilly and 
Majer, 1982). The 1978 study used slightly different 
station placement, but the dimensions were similar and 
the data were obtained with the same instrumentation. 
However, the data in the 1978 study were recorded on 
magnetic tape (bandwidth, dc to 80 Hz) and returned 
to Berkeley for analysis. 

In addition to these three detailed studies in Febru- 
ary 1978, November 1980, and November 1981 of five, 
four, and four weeks respectively, a three-component 
4.5-Hz downhole geophone has been operating in a 
100-m well near well M-6 (Fig. 1) since November of 
1980. The data are telemetered by FM to the office 
complex and recorded on a pen-and-ink drum recorder 
at 60 mm/s. The purpose of this single station is to tie 
the seismicity rates observed in the detailed studies to 

seismicity can be maintained. 
The 1978 study (Majer et al., 1980) indicated low 

seismicity levels (ML > 1) within the immediate p r e  
duction zone. During the fiveweek study, only two 
days had any significant activity. Only six events were 
recorded on six or more stations. These events were 
located at depths of 2-3 km south of well M-9 (shaded 
area in Fig. 1). 

The 1980 and 1981 studies revealed significantly 
different earthquake patterns and rates of activity. 
Shown in Fig. 1 are the locatable events. Although 
there were similar numbers in 1980 and 1981, the total 
number of detectable events at four or more stations 
increased from three per day in 1980 to seven per day 
in 1981. Although there was a major earthquake in 
June 1980 that could account for the increase from 
1978 to 1980, it is difficult to attribute the 1980-1981 
increase to aftershock activity from the same event. 
The similarity in number of locatable events indicates 
that although the number of events detected is increas- 
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ing, events of high magnitude are not. The explanation 
for this may be that the source region is limited in size 
and/or that the upper threshold on the strength of the 
materials in the production zone has been reached. 

Although reliable source mechanisms were difficult to 
obtain, the 1978 events indicate strike-slip faulting on 
NW-SE-trending faults. The 1980 and 1981 studies are 
ambiguous, and fault planes consistent with either nor- 
mal or strike-slip faulting can be fitted to the P-wave 
first motion patterns. 

The distribution in space of the 1980 and 1981 events 
is worth noting. In 1980 the events were clustered near 
the center of the production zone on a nearly N-S line 
extending from M-101 to the power plant. The depths 
varied from 2 to 5 km and formed a fairly well-defined 
plane. However, the 1981 study revealed a rather 
diffuse pattern of events concentrated on the western 
edge of the field. This pattern, with no defined fault 
system, is also characteristic of earthquakes at The 
Geysers. Although the two areas are geologically quite 
different, mechanisms that trigger the events may be 
similar. At Cerro Prieto, the well log information, geo- 
physics, and geologic mapping have shown a very com- 
plex zone of faulting in the production field. Depend- 
ing upon the age and state of the transform faulting, 
additional faulting may be superimposed upon the 
transform system. The diffuse pattern of events and the 
increase in seismicity may be an indication that this 
area is undergoing a transformation from a seismic 
creep to stick-slip behavior, accelerated by production 
activities. 

Continuous monitoring by the single station near well 
M-6 has revealed no abatement in earthquake activity 
within the field. Construction and production activities 
make it difficult to monitor seismic activity, but 
because of the complex nature of the field, the 
microseismicity may offer important clues to the 
dynamic behavior of the reservoir. Using magnetic 
data, Goldstein et al. (1982) have indicated a possible 
dike complex on the eastern edge of the field. If this is 
the elusive heat source, the cooling and intrusion would 
be a source of microearthquake activity, although not 
on a continuous basis if the intrusion process were 
episodic. Although no earthquake activity was detected 
in this region, the apparent absence may be due to lack 
of station coverage and high noise levels. By emplacing 
several downhole geophones in the eastern region, 
important information could be obtained. 

REFLECTION INTERPRETATION 
Table 1 briefly summarizes the survey parameters 

and processing sequence. The interpretation is based 
on CFE lines A, B, D, E, and F, although much more 
information was available. The processing was conven- 
tional, with no migration analyses performed. 

Because of this low level of data processing, it would 
be hazardous to interpret these sections in any great 
detail. However, several significant geologic features 
can be noted, especially with the aid of the extensive 
well log analysis carried out by Halfman et al. (1982). 
These features also appear on the seismic cross section 
and can be correlated from line to line. In general, the 
A/B contact cuts across the bedding planes. 

Also of note is one significant fault (Fault H), 
identified by Halfman et al. (1982) in the well logs. 
This fault is best seen on line D of the seismic data 
(Fig. 3). Fault H is in the approximate location of the 
Hidalgo Fault (Fig. l ) ,  but, according to Halfman, it is 
not the same fault, and there is no evidence of the 
Hidalgo Fault in well logs. The A/B contact, as well as 
Formations 4 and 5,  can be traced on lines A and B. 
Moreover, at the western ends of line A, and especially 
lines D and E, the dipping beds are seen to be trun- 
cated by the Cerro Prieto fault system. In general, the 
faults are difficult to identify; no migration or deconve 
lution was performed, and the lateral heterogeneity 
adds another complication from side reflections. In 
addition, the time-tedepth conversion using varying 

Table 1. Parameters of the seismic reflection survey. 

Sample Rate 4ms 
High-cut filter 60180 
Low-cut filter 16/24 
Number of vibrators 3 

Sweep parameters 16-64, 16-72, 20-80 HZ 
linear, varisweep 

Station interval 110 ft 

Number of sweeps/vibration 4 

Coverage Processing 

Line A 24 fold Demultiplex 
Line B 47 fold Vari sweep/cross correlation 
Line D 97 fold Line geometry 
Line E 22 fold Elevation statics 
Line F 33 fold Residual statics 

CDP gathers 
NMO velocity 
Front and tail mute 
NMO and multifold stack 
Frequency filtering 
Final display 
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Figure 3. Line WIY. Probably the most interesting seismic profile. This line extends from several kilome- 
ters west of the production area, through the center of the field, to the eastern edge of the field. Of note is the 
well-defined bedding to the west, the discontinuity and unconformities near well M-6, the definition of the A/B 
contact, and the faulting in formations 4 and 5,  Le., fault H. [XBB 828-6850Al 

velocity analysis, as well as sonic logs, would greatly 
add to the interpretation of the data. 

CONCLUSIONS 
1. Seismicity since 1978 has increased from 1-2 to 

7-8 events per day in 1982 in the immediate production 
zone (ML > 1). 

2. These events appear to be production related and 
weakly connected to the major tectonic events in the 
area. 

3. Microearthquake monitoring should continue with 
detailed studies covering the newer production area east 
of the railroad track. 

4. The reflection data indicate definite reflections 
associated with the A/B contact. 

5. This A/B reflector is seen only in certain parts of 
the reflection sections, indicating that it is not a lithole 
gic boundary but possible alteration associated with the 
hotter parts of the field. It may possibly be used for 
exploration purposes. 

6. Detailed data reprocessing should be carried out 
in the zones of interest to better define the structure 
associated with the production zone. Techniques such 
as migration before stack and deconvolution and vele 
city time-to-depth conversions should be applied. 

7. The data, both passive and active, if used 
correctly, are a powerful method to analyze structure 
and reservoir characteristics. 

FUTURE WORK 
Detailed reprocessing of CFEs  seismic line data from 

the production areas will be carried out by the new 
Computational Center for Seismology (CCS) at LBL. 
Processing will include the independently obtained velo- 
city and attenuation data in hopes of making a detailed 
analysis of the production zone structure. Work will be 
on correlating these data with existing well log and 
other geophysical information. 
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PRECISION GRAVITY AND SUBSIDENCE 
MEASUREMENTS AT CERRO PRIETO 

R. Zelwer and R.B. GranneP 

The extraction of large amounts of fluid from liquid- 
dominated fields can cause ground subsidence, with 
attendant damage to surface installations. Such sub- 
sidence has occurred in areas of large-scale geothermal 
development, such as the liquid-dominated geothermal 
fields of New Zealand (Stillwell et al., 1976) and to a 
lesser extent at The Geysers, a vapor-dominated field in 
northern California (Isherwood, 1977). 

Drawing from this experience, the Comisibn Federal 
de Electricidad of Mkxico (CFE) undertook a program 
of first-order leveling surveys (Garcia, 1978), the pur- 
pose of which was to measure changes in surface eleva- 
tion in the Mexicali Valley region, including the Cerro 
Prieto field. Within the immediate region of the field 
itself, the CFE staff also instituted a second-order level- 
ing program to monitor local elevation changes. 

A joint cooperative program between CFE and the 
U.S. Department of Energy (DOE) was initiated in 
1977, to study the Cerro Prieto field (Fig. 1). Among 
the activities undertaken was a precision gravity moni- 
toring program (Grannell et al., 1982). These observa- 
tions were carried out in conjunction with the CFEs 
second-order leveling surveys. Also as part of this 
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cooperative program, horizontal distance measurements 
were made by the USGS (Massey, 1981). 

The use of precise gravity measurements as a tool to 
monitor water depletion in liquid-dominated geothermal 
reservoirs was proposed and demonstrated by Hunt 
(1970). This approach is based on the supposition that 
changes in the value of gravity over time can be inter- 
preted in terms of elevation changes and phase changes 
and/or transport of subsurface fluids, other factors 
remaining unchanged (Isherwood, 1977). The main 
purpose of our work at Cerro Prieto was to make repeti- 
tive measurements over time, which, when combined 
with second-order leveling surveys, would provide infor- 
mation about changes in the subsurface with time. 

Figure 1. 
Trough. [XBL 801-6718] 

Location of the Cerro Prieto field and the Salton 
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FIELD MEASUREMENTS 
Four sets of precision gravity observations were made 

on an annual basis using La Coste and Romberg Gtype 
gravity meters. The measurements were made during 
the winter months of 1977-1978, 1978-1979, 
1979-1980, and 1980-1981. Details on the data 
acquisition, reduction, and error analysis can be found 
in Grannell et al. (1982). Sixty stations were esta- 
blished over an area of approximately 500 km2 centered 
on the Cerro Prieto geothermal field (Fig. 2). Changes 
in gravity between any two years exceeding 15-20 Fgal 
were clearly significant. 

Ground elevation measurements were made using 
standard first- and second-order leveling surveys carried 
out approximately yearly. The first-order leveling sur- 
veys covered an area of the Mexicali-Imperial Valleys 
extending from south of the geothermal field to north of 
the U.S. border, so that the surveys are tied to bench- 
marks of USGS first-order leveling networks. The 
second-order surveys were limited to the immediate area 
of the production field and were carried out in conjuno- 
tion with the gravity measurements, using the same 
monuments (de la Peiia, 1981). 

GRAVITY CHANGES AND GROUND 
MOTIONS WITH TIME 

The most important gravity and surface elevation 
changes were the result of the 9 June 1980 Victoria 
earthquake, which had a magnitude of 6.1 (Caltech) 
and an epicenter 25 km south of Cerro Prieto (Wong 
and Frez, 1981). Figure 2 is a contour map of the 
changes in gravity between 1979-1980 and 
1980-1981-that is, before and after the Victoria earth- 
quake. The observed increase in gravity indicates that 
subsidence took place. Most of the changes occurred 
east of the Cerro Prieto Fault. Figure 3 shows the 
corresponding changes in elevation obtained from 
second-order leveling surveys before and after the 
earthquake. The pattern of subsidence agrees with the 
pattern of gravity increases shown in Fig. 2. 

The pattern of gravity changes for the two years 
preceding the earthquake is not as clear. The magni- 
tude of the gravity changes was very close to the preci- 
sion level of the measurements. Grannell (1982) per- 
formed a careful analysis of the data for those years 
and concluded that there is an elliptical-shaped region 
in which positive changes in gravity exceed the 95% 
confidence level of the measurements. This region 
agrees roughly with the location of the production area 
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in the field; its major axis is aligned with the NW-SE 
direction of the dominant strike-slip faults in the 
region. 

Elevation changes between 1977 and 1979 revealed 
by the second-order leveling surveys showed a sub- 
sidence pattern similar in shape to the one following the 
Victoria earthquake, but of much lower magnitude. It 
is worth noting that there is good overlap between the 
region of greatest subsidence and the region of 
significant gravity changes mapped by Grannell. How- 
ever, the magnitudes of the gravity and elevation 
changes do not seem to agree with each other if they 
are to be explained by subsidence alone. If we assume 
a vertical gravity gradient of 2.2 pgal/cm, we would 
expect to see gravity changes of the order of 10 pgal for 
the observed subsidence. The points within the region 
defined by Grannell (1982) show gravity increases rang- 
ing from 15 to 34 pgal. Therefore, subsidence accounts 
for only part of the observed gravity increase. 

Horizontal surface motions measured by the USGS 
show that movements of up to 6-7 cm toward the center 
of the field occurred during 1978-1979 (Massey, 1981). 
However, after that period and until the time of the 
Victoria earthquake, this motion toward the center of 
the field seems to have ceased. An analysis of the hor- 
izontal deformation associated with the Victoria earth- 
quake shows that deformation produced by fluid extrac- 
tion was either not observed or was masked by earth- 
quake related changes (Lisowski and Prescott, 1982). 

DISCUSSION 
The clear correlation between the patterns of sub- 

sidence and gravity increases following the Victoria 
earthquake suggests that tectonic forces are the dom- 
inant cause of subsidence in the region. In fact, if we 
apply a free-air correction using the observed elevation 
changes and assume a value of 2.1 g/cm3 for the den- 
sity of the unconsolidated sediments, the computed 
gravity increases match the observed changes very well. 

In view of the geometries associated with other pull- 
apart basins located between en echelon faults in the 
Gulf of California to the south (Elders, 1979), which 
are characterized by depressions located between the 
ends of transform faults, it seems reasonable to expect 
the region under study, between the Cerro Prieto and 
Imperial Faults, to show evidence of similar subsidence. 
According to Elders ( 1979), continued sedimentation of 
this area by the Colorado River is the main factor that 
has kept a more noticeable topographic depression from 
forming. 

One of the main objectives of the present study was 
to assess the usefulness of precision gravity measure 
ments made in conjunction with accurate leveling to 
measure subsurface changes in response to geothermal 
production. We were especially interested in whether it 
was possible to determine the extent of recharge to the 
reservoir. In order to do this, we examined the 
observed gravity and elevation changes for the period 
preceding the Victoria earthquake. 

From 1977 to 1979, prior to the earthquake, there 
was only a slight increase in gravity accompanied by 
very slight subsidence-in fact, the increase in gravity 
exceeds that expected on the basis of the observed s u b  
sidence. 

The best explanation that can be advanced for the 
observed gravity increases and related subsidence at 
Cerro Prieto is that there must be close to 100% 
recharge of the producing aquifers to replace the 
extracted fluids. If there has been little recharge, the 
estimated mass extracted (of the order of 75 X lo6 
tons) together with the observed subsidence would have 
resulted in a gravity decrease. 

Support for widespread recharge comes from dipole- 
dipole resistivity monitoring (Wilt and Goldstein, 1982) 
and the decline in chloride concentration in the reser- 
voir (Fausto et al., 1981). The absence of a steam 
zone, which would be indicative of a large net mass 
loss, and the lack of continued horizontal motions 
toward the reservoir area also suggest that the reservoir 
is being recharged. 
As a result of production, there has been some 

drawdown-Le., loss of pressure-in the reservoir. 
Although reservoir pressures declined rapidly in the 
early years, they seem to have stabilized recently 
(Goyal et al., 1981). The data seem to indicate a trend 
toward an equilibrium condition, which might suggest 
that during the time in which our measurements were 
made, the mass loss to the reservoir was approximately 
balanced by natural recharge. 

The fact that the measured increase in gravity prior 
to the Victoria earthquake is greater than expected on 
the basis of subsidence suggests that in addition to full 
recharge of the reservoir, an increase in density may 
have taken place in recent years in response to produc- 
tion. Several mechanisms could account for this 
increase. One of these could be the rapid densification 
of sediments due to mineral precipitation produced by 
local boiling associated with production. Densification 
is the main cause for the Bouguer anomaly observed in 
the region of the geothermal field. This process may 
have accelerated as a result of production. 
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Figure 4. Two-dimensional model of the effect of replacing 
water of a certain temperature by cooler water. The body 
represents the a reservoir, with 25% porosity. The top three 
curves show the effects of replacing the hot waters with 
colder waters. The lower curve shows the effect of production 
without recharge. [XBL 821(12836] 

Another, and perhaps more likely, cause of a density 
increase is the recharge of the reservoir by colder and 
denser waters. Using a twedimensional gravity- 
modeling computer program, we examined the effect of 
recharge by cooler waters into a body whose dimensions 
correspond roughly to the a (upper) reservoir in Cerro 
Prieto. The results are shown in Fig. 4. The calculated 
gravity values were obtained by assuming that the body 
has 25% porosity and that its interstitial waters, having 
some initial temperature and density, were completely 
replaced by the cooler waters, all at a pressure of 100 
bars. 

The model gives some idea about the effect of 
recharging the reservoir with cooler water. For 
instance, if 28OOC water is replaced by 260°C water, 
there will be a maximum gravity increase of 30 pgal, 
which is of the same order of magnitude as the 
observed gravity increases. This temperature drop is 
very close to those actually observed in the field 
(Fausto et al., 1981). If 280°C water is replaced by 
100°C water, the gravity increase would be much 
greater, about 170 pgal. If, on the other hand, all the 
fluids were extracted from the rock pores (i.e., no 
recharge) and there was no compaction, there would be 

a gravity decrease of around 1000 pgal. 
These ideas should be viewed with a certain amount 

of caution on two grounds. First, tectonic activity may 
affect the ground motions in the vicinity of Cerro Prieto 
so strongly that perhaps all the changes we have 
observed are only a reflection of this activity. 
Secondly, the period of observation has been relatively 
short. 
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ANALYSIS OF THE NUEVO LEbN 
MAGNETIC ANOMALY AND I'IS POSSIBLE 

RELATION TO THE CERRO PRIETO 
MAGMATIC/HYJIRCYIIERMAL SYSTEM 

N.E. Goldstein. M.J. Wilt, 
and D.J. Corrigan 

The nearly symmetrical, dipolar magnetic anomaly 
centered 2 km south of Ejido Nuevo b b n  and 5 km 
east of Power Plant I has attracted interest for many 
years because of its proximity to the Cerro Prieto geoth- 
ermal field (Fonseca and Razo, 1979; Lyons and van de 
Kamp, 1980). Our curiosity about this anomaly was 
intensified after the Comisihn Federal de Electricidad 
(CFE) drilled the first of the deep stepout wells ( N L  
1) over the anomaly to evaluate the extent of the reser- 
voir. Surprisingly, rock cuttings brought up from 
depths of 3 km in this well included igneous rock chips 
that were later found to originate from basic dikes (dia- 
base) and from a more silicic (rhyodacitic) dike (Elders 
et al., 1981). This discovery rekindled discussions of 
the geologic model proposed by Lomnitz et al. (1970) 
and Elders et al. (1972). The central idea of this 
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model is that the Cerro Prieto area, among other known 
geothermal sites in the Salton Trough, is a spreading 
center, where the crust is being pulled open by right- 
lateral strike-slip movement. Under such tectonic 
stresses an extensional sedimentary basin, or pull-apart 
basin (McKenzie, 1978), would begin to form as the 
lithosphere thins and begins to subside. Where thin- 
ning of the crust and basin development are rapid, 
there will be a passive upwelling of basaltic rock from 
the asthenosphere, creating a new oceanic-type l i the 
sphere at depth (McKenzie, 1978). W. Elders (per- 
sonal communication, 1982) noted that the Nuevo L&n 
magnetic anomaly (NLMA) was probably caused by the 
same assemblage of mafic rocks found at oceanic 
spreading centers, except for pillow basalts, and that it 
was highly likely that the anomaly is related to the 
magmatic heat source responsible for the Cerro Prieto 
geothermal field. To learn more about this proposed 
heat source, we studied the magnetic field data and 
magnetic properties of the diabase rock chips ( Goldstein 
et al., 1982). 

THE NUEVO LEON MAGMTIC ANOMALY 
The Nuevo &n magnetic anomaly (Fig. 1) is a 

nearly symmetrical and isolated dipolar magnetic a n e  
maly with a peak-tepeak amplitude of 300 y (Fonseca 

2 36 



Figure 1. The Nuevo L&n magnetic anomaly (NLMA) and 
its relation to drill holes. The shaded rectangle is the 
approximate surface projection of the magnetic mafic rocks. 
Dark circles are wells. Dark squares are villages. Power 
plant I lies near the railroad between wells M-9 and M- 
53. [XBL 823-1961] 

and Razo, 1979). We interpreted the anomaly by 
fitting the observed data to fields calculated using a 
vertical prism code in combination with a two- 
dimensional Talwani-type code to help model the base 
ment configuration. 

A comparison between observed and calculated fields, 
shown in plan view in Fig. 2 and along profile line 
A-A' in Fig. 3, reveals that we were able to match the 
observed anomaly very well using a prismatic source 
with an apparent magnetic susceptibility, kA, of 5300 
X 10" cgs within a less magnetic basement (kA  = 
2100 X 10" cgs). Both features lie beneath a thick 
cover of nonmagnetic sediments. The main magnetic 
source comes within 3.4 km of the surface, and its 
upper surface appears to dip slightly to the north. The 
magnetic basement, possibly granodiorite similar to the 
rock of the C u c a ~  Range, appears to be considerably 
shallower (3.8 km) south of the main source than to the 
north, where it drops away to considerable depth, a 
feature qualitatively consistent with the gravity data for 
that part of the Mexicali Valley. However, because of 
the large indicated depth of the magnetic rock and the 
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Figure 2. The relationship between the observed magnetic 
anomaly in Fig. 1 and the modeled results. [XBL 823- 
1%1A] 

poorness of fit to the anomaly, we are less confident in 
our modeled results north of the main source. 

The magnetic prism has an interpreted bottom at a 
depth of 6 km, where its magnetization decreases to 
that of the host rock. However, as it is difficult to 
resolve the apparent susceptibilities at depths of 6 km 
below the surface, it is conceivable that 6 km represents 
the Curie-point depth. 

ANALYSIS OF MAFIC DIKE CHIPS 
Abundant mafic dike chips were recovered from well 

N L l  between depths of 2930 m and its greatest depth 
of 3351 m (Elders et al., 1981); from near the bottom 
of well H-2, depth 3540 m; from various depths below 
2530 m in well M-189; and from 2850 m in well M-366. 
Figure 3 shows the upper surface of the magnetic 
source to be 400-500 m below the shallowest dikes 
intersected. Either our interpretation has overestimated 
the source depth or the mafic dikes do not contribute to 
the anomaly. Because we could not obtain as good a fit 
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to the anomaly using a shallower source, our initial con- 
clusion was that the dikes are not volumetrically or 
magnetically significant. However, this explanation 
seemed contrary to the findings of Weist (1980), who 
reported a substantial amount of mafic rock chips in 
NL1 and described the chips from a depth of 3330 m 
as magnetic at room temperature. 

We studied a set of five mafic rock chips that had 
been mounted on a slide at UC Riverside. These par- 
ticular samples contain an assortment of opaque 
minerals and had undergone far less hydrothermal 
alteration than many of the other mounted chip sam- 
ples. 

The rock chips studied at LBL contain an estimated 
67% opaque minerals consisting of minor needle-like 
crystals of ilmenite, larger euhedral to anhedral crystals 
of titanomagnetite, and a few small blebs of a sulfide, 
probably pyrite or chalcopyrite. No magnetite was 
seen. Even though these chips are the least altered, 

most of the titanomagnetite grains show some alteration 
with the following characteristics: 

1. Exsolution of ilmenite from titanomagnetite, usu- 
ally on grain borders but sometimes in grain interiors. 

2. A pitted to black mineralization, usually toward 
grain centers, that might be sphene (CaTiSi05), rutile 
(TiO,), or anatase (TiO,). 

Titanomagnetite and ilmenite grains on each chip 
were identified and analyzed by means of an electron 
microprobe. Table 1 lists the average values computed 
for two grains per chip. 

The results show that the principal magnetic phase is 
a titanomagnetite with a somewhat high percentage of 
the ulvhpinel (Fe2Ti04) end-member of the 
x FezTiO4 * (1 - x)Fe304 solid-solution series (Nagata, 
1961; Irving, 1964). This composition results in a 
mineral with a low Curie temperature, and, as Fig. 4 
reveals, these rocks would be essentially nonmagnetic 
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Table 1 .  Results of microprobe analysis of mafic dike rock, well NLl, 3330 m depth. 

Maximum spinel Maximum r h o m b  
phase hedral phase 

(mol%) (mol%) Curie Temperature of 
Chip temperature, crystallization 
number Fe304 Fe,Ti04 F e P 3  FeTi03 Tc ("C) ("C) -1% f 4 

1 39 61 4.5 95.5 180 890 13.4 
2 31 69 4.0 96 115 950 12.4 
3 31 69 5.6 94.4 110 1007 11.2 
4 33 67 6.1 93.9 125 1003 11.2 
5 40 60 6.2 93.8 185 936 12.2 

under in situ thermal conditions as determined by tem- 
perature logging. This result explains why the mafic 
dikes do not seem to contribute to the magnetic an+ 
maly. The results are also backed by the observations 
of Johnson and Hall (1977), who reported that high- 
titanium titanomagnetite (x = 0.65 & 0.02) is the 
"ubiquitous dominant magnetic mineral of submarine 
oceanic tholeiite basalts." 

The observed magnetic anomaly is probably caused 
by a more magnetite-rich phase of titanomagnetite with 
a Curie temperature of Tc > 350"C, typical of gab- 
broic rocks dredged from oceanic spreading centers. In 
a study of magnetic properties of submarine intrusive 
rocks taken from ocean-bottom drill holes, Prevot and 
Dunlop (1980) report that the principal magnetic 
mineral in doleritic gabbros, cumulate gabbros, serpen- 
tized cumulate gabbros and peridotites, and serpentin- 
ized lherzolites is nearly pure magnetite, with Tc = 
515-575OC. They also found the natural remanent 
magnetization (NRM) of the gabbros, the serpentinized 
rocks, and the peridotites to be in the range of 
1 X to 10 X cgs, which is consistent with the 
value of apparent susceptibility interpreted for the 
NLMk If the dominant magnetic constituent of the 
NLMA is magnetite at depth, the bottom of the source, 
at 6 km, serves as an estimate for the depth to the mag- 
netite Curie point (Fig. 4). As the solidus for rocks of 
gabbroic composition is about 900°C (Peck et al., 
1966), we might expect to find a melt zone at a depth 
of about 10-12 km on the basis of a linear gradient 
extrapolation. This is a crude method for estimating 

the magma depth, but the estimate is supported by 
seismic data discussed in the next section. 

RELATIONSHIP BETWEEN THE 
MAGNETIC ANOMALY AND OTHER 
GEOPHYSICAL DATA 

The magnetic results were compared to gravity, 
earthquake, and magnetotelluric data for added 
confirmation and information. The absence of a corre- 
lative gravity anomaly with the NLMA can be 
explained as the result of magmatic/hydrothermal/ 
tectonic processes that combined to produce a degree of 
metamorphism and structural complexity that obscures 

M-189 
M-92 M-366NL-1 H-2  PRIAN-I 

Gabbroic - Peridotitic Sheeted Dike 
and Intrusive Complex 

Vertical Scale 
0 1 2  3 4  5km 
) : : : : I  

Horizontal Scale 
0 1 2 3 4 5 k m  
* : : : : I  

Figure 4. The relationship of the magnetic source and tem- 
peratures derived from logs made in deep wells over and near 
the body. [XBL 823-1999] 
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the effect of density differences between the gabbroic 
plutons and granitic-sedimentary host rocks. However, 
density differences are likely to be small in any case. 
It has been established from many measurements on 
serpentinized gabbros and peridotites from ocean floors 
and orogenic zones that the more magnetic samples 
have relatively low densities that cluster in the range 
2.40-2.70 g/cm3 (Coleman, 1971), similar to the range 
we can expect for the deeper sediments and the g r a m  
dioritic basement complex. 

The seismic activity over the NLMA indicates ten- 
sional stresses and normal faulting, with almost vertical 
displacements beneath the northern and western edges 
of the magnetic source body (Fig. 5 )  (Reyes and Razo, 
1979). In the vicinity of Ejido Nuevo h n ,  the fault- 
ing occurs along a zone striking N4O"E; calculated 
focal depths range from 6 to 1 1  km. Reyes and Razo 
(1979) proposed that the tensional stresses are 
associated with local crustal spreading and dike injec- 
tion. In connection with our magnetic-geologic model, 
the seismologic evidence seems to support active dike 
injection from a magma chamber at a depth of 
10-12 km. 

Several magnetotelluric (MT) stations had previously 
been placed over or near the magnetic source; the 
soundings were made at sufficiently low frequency to 
provide information at depths corresponding to the 
mafic plutons. Station 6, line E-E', lies a short dis- 
tance beyond the northern margin of the source. This 
was the only station where the subsurface appeared 
electrically onedimensional. A one-dimensional resis- 
tivity inversion was performed and reported by Goubau 
et al. (1981). At a depth of 6 -t 1.0 km the MT data 
show evidence for a change to a more resistive base- 
ment, but the nature of this feature, which occurs at a 
similar basement depth to that inferred from the mag- 
netic model (Fig. 3), is not clear. 

MT line G-G' passes over a corner of the magnetic 
source; stations 22 and 23 are within the indicated 
boundary of the mafic plutons (Fig. 6). The t w e  
dimensional interpretation of the MT data give a depth 
to basement of 5 km beneath MT Station 25. Over the 
magnetic source, at Station 22, a shallow conductive 
region is found that is due to the effect of sediments 
with hotter, more saline pore fluids. The shallower 
apparent basement at this locality, depth 3 km, might 
represent the resistive effect of a less porous mixture of 
hydrothermally metamorphosed sediments and the 
dikesill complex, but there are no deep drill holes as 
yet in this area. 

32.30' t t 32'30' 

Extensional faulting 
A Surveyed 1978 

Surveyed 1979 
0 Surveyed 1980 0 I 2 3 4  Shm - 

Figure 5. Relationship of the magnetic source location to 
extensional faulting determined by means of earthquakes 
(Reyes and Razo, 1979). The stations are MT stations occu- 
pied by LBL. [XBL 825-2237] 

CONCLUSIONS 
On the basis of our magnetic interpretation of the 

NLMA, analysis of chip samples of mafic dikes, and 
analysis of other geologic-geophysical data, we have 
been able to support the geologic model of the Cerro 
Prieto area as an active extensional basin into which 
mantle-derived rocks are being passively emplaced. 
Inferences drawn from thermal data, such as well logs 
and depth to the magnetite Curie isotherm, suggest a 
melt zone (magma chamber) at a depth of 10-12km. 
Earthquake data indicate that the northwesterly border 
of the magnetized zone is the locus of present extension 
and possible dike injection at depths of 6-1 1 km. 
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PRODUCTION CHARACTERISTICS OF 
SOME WELLS AT THE CERRO PRIETO 

GEOTHERMAL FIELD 

K.P. Goyal, S.E. Halfman. A.H. Truesdell,* 
and J. H. Howard 

Since 1973, when largescale fluid production began 
at Cerro Prieto, the field has undergone various 
changes, such as pressure drawdowns, reservoir flashing, 
decline in well production rates, and decline in the 
average enthalpy of the produced fluid (Goyal et al., 
1981). Furthermore, some wells have exhibited pecu- 
liar behavior, such as production of almost dry steam 
and increasing well head pressures and mass production 
rates. It is also observed that production characteristics 
of some wells change as a result of the opening of a 
new production well in their vicinity. For example, an 
increase in enthalpy and a decline in the production 
rate are observed in nearby wells in response to a 
reduction in reservoir pressure created by a new produe 
tion well. Thus it is useful to study these wells to learn 
how the field is reacting to fluid production. It is also 
useful to study the distributions of heat and mass in the 
field and to observe how they change in response to pro- 
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duction. We can also determine which parts of the field 
are becoming hotter or colder due to exploitation, the 
directions in which the hot and cold waters are flowing, 
and whether the cy and /3 aquifers are in hydraulic com- 
munication with each other. 

Our analysis (Goyal et al., 1982) is based mainly on 
monthly wellhead production data, which include well- 
head pressure, separator pressure, and water and steam 
flow rates. This information enables the calculation of 
the dryness fraction and the enthalpy of the produced 
fluid under separator conditions. 

DISTRIBUTION OF HEAT AND MASS 
PRODUCTION IN THE FIELD 

To determine the areal distribution of heat and mass 
production in the field and its changing patterns with 
time, we have used the set of geometric symbols shown 
in Fig. 1. The circles, squares, and triangles represent 
total flow rates of steam-water mixture, i, less than or 
equal to 100, between 100 and 200, and greater than or 
equal to 200 metric tons per hour (t/h), respectively. 
Thus they indicate low, good, and very good production 
wells. These limits are arbitrarily chosen from the pro- 
duction data of numerous wells in the field. 

The shading of the geometric figures is used to 
represent the enthalpy of the produced fluid. 
Unshaded, half-shaded, and fully shaded figures 
represent enthalpies less than or equal to 275, between 
275 and 350, and greater than or equal to 350 kcal/kg, 
respectively. These limits are again arbitrarily chosen. 
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However, downhole calculations using a well-bore model 
(Goyal et al., 1980) show that fluid with an enthalpy 
less than 275 kcal/kg tends to be single phase at the 
bottom of the well. The different shadings indicate 
cool, hot, and very hot wells, respectively. 

Figure 2 shows the initial distribution of fluid 
enthalpy and mass flux in the field as of December 
1973. Faults identified from the well logs are also 
shown in this figure. A total of 1 1  wells (M-5, M-8, 
M-9, M-11, M-20, M-26, M-29, M-30, M-31, M-34, and 
M-39) were producing at that time. Wells M-14, M- 
1 5 4  M-42, M-114, and M-181, also shown in this 
figure, did not produce until the date indicated within 
parentheses. This figure essentially represents the ini- 
tial state of the field. Except for wells M-114 and M- 
181, which produce from the @ aquifer (1500-2000 m 
deep), the rest of the wells draw their fluid from the a 
aquifer (12W15OO m deep). Both aquifers in this area 
are hot, and there is evidence that the a! aquifer has 
cool boundaries to the west (M-9, M-29, M-34, and M- 
181) and to the northeast (M-114 and M-39). 

Figure 3 shows the heat and mass flux distribution in 
the field as of December 1979, after about 7 years of 
production. At that time, 27 wells were supplying 
steam to the power plant. A comparison between Figs. 
2 and 3 shows that (1) 19 new production wells were 
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Figure 1. Symbols used to represent heat and mass 
production rates in Cerro Prieto wells. [XBL 826- 
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Figure 2. 
Cerro Prieto field as of December 1973. 
25771 

Distribution of heat and mass flux in the 
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added between December 1973 and December 1979, (2) 
some of the 1973 production wells had been taken off 
line by 1979, and (3) all the 1973 wells except cool 
wells M-9, M-34, and M-39 continued to produce. 

Wells M-53, M-84, M-91, M-102, M-103, M-105, M- 
114, M-130, and M-181 were completed in the very hot 
f l  aquifer. The rest of the wells in Fig. 3 were a m -  
pleted in the hot a aquifer. 

Most of the wells are showing a decline in production 
rates with time. This may be caused by scaling in the 
well bore, reduced recharge to the aquifer, high resis- 
tance to flow due to silica precipitation in the reservoir 
pores, and/or relative permeability effects in the twG 
phase region near the wells. 

Some wells present peculiar changes in characteris- 
tics with time. Wells M-42, M-14, M-154 M-214 M- 
30, M-31, and M-26 show a decline in enthalpy. Cool 
boundaries to the northeast, in the region of M-114 and 
M-39, seem to be propagating toward M-42, M-14, M- 
1 5 4  and M-21k Cool boundaries to the west, in the 
vicinity of wells M-9, M-29, M-34, and M-181, seem to 
be moving toward M-30, M-31, and M-26. 
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Figure 3. Heat and mass flow rate distributions in the 
Cerro Prieto field as of December 1979 along inferred 
flow barriers. [XBL 8210-25781 

Other wells are showing an increase in enthalpy (M- 
20, M-45, M-51, M-84, and M-105) as production rates 
decline. The continued increase in enthalpy appears to 
be related to the pressure decline due to low recharge 
in the vicinity of those wells. A reduction in pressure 
results in lower saturation temperatures of a two-phase 
zone around each well. The lower fluid temperatures 
set up a temperature gradient between the fluid and the 
surrounding rock, allowing heat to flow from the rocks 
to the fluid, thus increasing the fluid enthalpy. These 
phenomena seem to m r  in all five wells mentioned 
above. If recharge to these wells does not increase as a 
result of seismic activity or otherwise, these wells might 
eventually be taken out of production or their fluid out- 
put combined with that of a better producing well. 

LOCAL BOILING AND INTERFERENCE 
BETWEEN WELLS 

The enthalpy of some wells fluctuates in response to 
the opening and closing of nearby wells. From this 
interference effect, the hydraulic communication 
between wells can be determined. To study the 

interference of nearby wells in a production well, a plot 
of enthalpy and production rate versus time was 
prepared for well M-8 (Fig. 4). In this figure, M and 
H represent mass production rate (in t/h) and fluid 
enthalpy (in kcal/kg), respectively. Various wells with 
their initial production dates are also indicated along 
the time axis. 

In brief, Fig. 4 shows that if the pressure (and tem- 
perature) of a two-phase zone surrounding a well is 
lowered by the opening of nearby wells, it gives rise to 
an increase in fluid enthalpy due to heat transfer from 
the rocks and a decline in production rate due to the 
reduced pressure. One can then qualitatively infer 
whether the communication between wells is good or 
poor. For instance, when M-31 started production in 
August of 1973, it did not affect the enthalpy of well 
M-8. On the other hand, when M-21A began producing 
in the fall of 1974, a sharp decline in production rate 
and a rise in enthalpy in M-8 were observed. Thus 
there is poor communication between M-8 and M-35, 
but good communication between M-8 and M-21A. In 
general, for well M-8, it appears that it has good per- 
meabilities toward wells to the north and probably poor 
ones toward those to the south. 

A similar method based on enthalpy variations was 
used to determine the communication between wells in 
the central portion of the field (essentially between 
faults L and H). Figure 3 shows where there may be 
flow barriers (i.e., essentially no communication), poor 
communication, and good communication (i.e., no bar- 
riers) between wells. 

u a a  
1973 1974 1975 1976 1977 1978 1979 1980 

Year 

Figure 4. Well M-8 heat and mass production rates 
versus time. [XBL 821 1-26231 
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CONCLUSIONS 
The areal distribution of heat and mass flux data sug- 

gests that the a and /3 aquifers generally are hot 
(275-350 kcal/kg) and very hot (> 350 kcal/kg), 
respectively. The initial cool boundaries that were 
present to the northeast and west seem to be moving 
inward toward the main field. Some wells are showing 
an increase in enthalpy with declining production rates. 
If recharge to these wells does not increase in the 
future, they might have to be taken out of production or 
their output combined with that of better producing 
wells. 

Communication barriers between wells in the central 
portion of the field have been determined on the basis 
of variations of enthalpy resulting from closing and 
opening of nearby wells. 

This type of study shows some general trends in the 
change of well production characteristics of Cerro 
Prieto. The results of this work should be useful in 
developing models of this geothermal system and in 
understanding the particular behavior of individual 
wells. 

MODELING STUDIES ON CERRO PRIETO 

M. J. Lippmann and G.S. Bodvarsson 

A computer program MULKOM, developed at 
Lawrence Berkeley Laboratory (Pruess, 1983), was used 
to study the natural flow of heat and mass through the 
Cerro Prieto geothermal reservoir and the effects of 
exploitation on pressures, temperatures, and boiling in 
the system (Lippmann and Bodvarsson, 1982). 

RESERVOIR MODEL 
Using well log and reservoir engineering data, Half- 

man et al. (1982) have recently developed a hydrologee 
logic model of Cerro Prieto (see Fig. 2 in article by 
Halfman et al., this section). It was used to generate a 
two-dimensional model that reproduced, in a simplified 
way, the geology of the system along the section shown 
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in Fig. 1. The elements in the mesh used in the com- 
putations were grouped into zones corresponding to the 
permeable and less permeable layers in the system 
(Fig. 2). This figure illustrates the locations of the a 
and B geothermal reservoirs; an upper, cooler aquifer; 
and the intervening aquitards (hatched zones). Zone F 
represents a fault zone postulated to exist between wells 
M-25 and M-29 (Fault L, Fig. 2 in article by Halfman 
et al., this section), and zone L is a low-permeability 
zone located in the upper part of the gap (zone G) in 
the less permeable layers. 

By changing the material properties, boundary condi- 
tions, and certain geologic features of the model and 
then comparing the computed temperature and pressure 
distributions against observed values, an insight was 
obtained into the phenomena occurring in the Cerro 
Prieto system before and during its exploitation. 

Our choice of a two-dimensional model implies the 
important assumption that the mass and energy fluxes 
in the third dimension are negligible. For natural 
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Figure 1. Two-dimensional model of the field used in this study. Grid blocks, grid block numbers, and loca- 
tions of three wells are shown. The hatched zones indicate layers of lower permeability. [XBL 827-2324] 
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Figure 2. 
features relevant to the simulation studies. 

Distribution in the model of aquifers, geothermal reservoirs, aquitards (hatched areas), and other 
[XBL 8210.25991 

flows, we believe that this approximation is quite rea- 
sonable, as the model is oriented in the direction of the 
primary flow components, inferred from the well log 
studies of Halfman et al. However, in studies of the 
behavior of the field under exploitation, our assumption 
becomes much more critical. Massive exploitation will 
invariably lead to three-dimensional flow patterns. 
Therefore, the studies of the reservoir behavior during 
exploitation can yield only qualitative results. 

MODELING OF THE NATURAL STATE 
It was assumed that the field was under steady-state 

conditions in its natural state, neglecting any slow tem- 

poral changes in the thermal or fluid flow regime that 
have been suggested by some mineralogic studies (Eld- 
ers et al., 1981). 

A number of models for the natural state were 
analyzed. In Figs. 3 and 4 the steady-state temperature 
distribution and mass flow pattern are shown for one of 
the models that better matches the temperatures, pres- 
sures, and mass flow rates measured in Cerro Prieto 
before large-scale fluid production began in 1973. 
In Fig. 4 (and in Fig. 7) the lengths of the arrows 

are scaled with respect to the largest flow rate. Conse- 
quently, in regions where the flow is small, no arrows 
are present. 
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Figure 4. 
scaled with respect to the largest flow rate (in kg/s-m). 

Natural state. Steady-state mass flow pattern in one of the models studied. Length of arrows is 
[XBL 831-1660] 

In reviewing the results obtained from the different 
models of the natural state, it was concluded that 

1. The hydrogeologic model of Halfman et al. (1982) 
is reasonable and consistent with mass and heat flows in 
the Cerro hieto field. 
2. The average natural rate of hot water recharge 

into the eastern part of the Cerro Prieto system is 
approximately kg/s per meter of width (measured 
in a N-S direction). 

3. The fault zone between wells M-25 and M-29 per- 
mits flow of fluids between the a reservoir and the shal- 
low, colder aquifer, but not between the a and t9 reser- 
voirs. 

4. A plume of hot water ascends through the gap 
existing between the shaly layers (zone G in Fig. 2) 

and boils in the process as indicated by the two-phase 
zones (dotted areas in Fig. 3). 
5. There exists a lower-permeability zone at the top 

of the gap between the shaly layers resulting from the 
precipitation of minerals as the ascending waters boil. 
This zone inhibits, or reduces, the influx of cooler water 
into the geothermal system from the shallow aquifer. 

SYSTEM UNDER EXPLOITATION 
In the second part of the simulation studies, the 

models developed for the natural state were used to 
simulate the behavior of the Cerro Prieto system during 
exploitation. The purpose was to select the model that 
best reproduces the pressure and temperature changes 
in the a reservoir. 
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During exploitation, we extracted half of the fluid 
mass from node 21 and the other half from node 27 
(see Fig. 1); both nodes represent the main part of the 
CY reservoir. In all the models studied, the initial pres- 
sure drop is much larger than that of Bermejo et al. 
(1979). This is explained by the two-dimensional 
nature of the model, which does not allow for recharge 
from all directions. In addition the model does not take 
into account the presence of CO, in the reservoir fluids. 

The C02 enhances boiling in the reservoir by lower- 
ing the boiling temperature of the water. Assuming a 
0.5% (by mass) content of C 0 2  in the Cerro Prieto 
fluids and using Henry’s law, we find that the partial 
pressure of CO, at 3Oo0C is about 0.55 MPa. A more 
extensive two-phase zone in the reservoir, caused by the 

wsw 

presence of C02,  would significantly increase the 
compressibility of the system and consequently slow the 
pressure reduction. Therefore it is possible that the 
computed initial pressure decline is too large because of 
the effects of noncondensable gases. 

Figures 5 to 7 show the pressure changes, tempera- 
ture changes, and mass flow patterns at the end of 1978 
for one of the models studied. Simulation of produo 
tion after 1978 was not carried out, because data on the 
pressure history of the a reservoir were lacking and 
because new wells were put on line in the southwestern 
and eastern parts of the field. Consequently, we feel 
that only a model that considers the three-dimensional 
nature of the geology and of the flow pattern is 
appropriate for simulating the behavior of the reservoir 
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System under exploitation. Computed pressure changes between 1973 and 1978; contour interval 5 
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where the fluids are extracted from the system. 

System under exploitation. Computed mass flow pattern at the end of 1978. The two dots indicate 
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after 1978. The development of a three-dimensional 
model of the field is one of our future objectives. 

Figures 5 to 7 illustrate the importance of the 
western boundary and the fault located between wells 
M-25 and M-29 in the recharge of the produced a reser- 
voir. For example, in one of the models studied at  the 
end of 1978, 89% of the recharge into nodes 21 and 27 
(representing the a reservoir under exploitation) comes 
from the west and from the fault zone, 3% from the 
east and from the vertical gap between the shaly units, 
6% from the underlying layer, and the remaining 2% 
from the overlying layer. The mass recharge to the a 
reservoir from deeper parts of the system is limited by 
the presence of the two-phase zone in the vertical gap 
that connects the a and 0 reservoirs, the associated 
mobility decrease due to relative permeability effects, 
and the low vertical permeability. 

Some authors (e.g., Bermejo et al., 1979) have sug- 
gested that there is significant recharge to the a reser- 
voir from the east. The results of our modeling studies 
indicate that a very small fraction of the recharge 
comes from that direction. O u r  work, in agreement 
with that of other authors (e.g., Fausto et al., 1981; 
Grant et al., 1981), indicates that most of the recharge 
to the a reservoir comes from the west and from shal- 
lower zones. 

Because of the high permeability of the system, the 
extent of the two-phase zones increases only slightly, or 
not at all, in our simulations during exploitation. 
Furthermore, no boiling occurs in the production nodes 
located in the a reservoir. This agrees with the findings 
of Grant et al. (1981) that boiling occurs only near the 
wells and that no extensive two-phase zone has 
developed in the a reservoir during exploitation. 

CONCLUSIONS 

The results of the numerical simulations studies indi- 
cate that the field in its natural state is recharged from 
the east with hot water (about lo-* kg/s-m) as well as 
with colder waters from shallower aquifers, especially 
from the west. The hot waters flow upward through a 
vertical gap in the shaly layers (east of well M-10) and 
move into the western a and @ reservoirs. Some boiling 
occurs as the hot waters ascend. 

The a reservoir is fed from the east by hot waters 
and from the west by cooler waters. As these waters 
move toward the fault zone located between wells M-25 
and M-29, they tend to mix and then flow upward 
through the fault zone to a shallow aquifer. This shal- 
low aquifer discharges to the west, and the water even- 
tually feeds the surface manifestations at the western 
region of the field. 

Mineral deposition or self-sealing of the porous sedi- 
ments could explain the minimal influx of cold water 
under natural conditions into the geothermal reservoirs 
from the shallow aquifer overlying the system. The 
results show that the fault between wells M-25 and M- 
29 does not permit much fluid flow between the a and @ 
reservoirs, but does connect the a reservoir with the 
shallow aquifer. 

O u r  studies of the reservoir response to exploitation 
show that most of the fluid recharge to the a reservoir 
comes from the west and from shallow layers above the 
fault zone. Recharge from the east is small because a 
two-phase zone is present in the permeable gap in the 
shaly layers. Because of the large fluid recharge, no 
extensive twephase zone develops in the a reservoir. 
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PREDICTION OF REINJECTION EFFECTS 
IN THE CERRO PRIETO GEOTHERMAZ, 

SYSTEM 

C.F. Tsang, D.C. Mangold, C. Doughty, ana' 
M.J. Lippmann 

On the basis of experience gained from previous stu- 
dies (Tsang et al., 1981), attempts were made to predict 
long-term reinjection effects at Cerro Prieto, using a 
recently developed geologic model of the field. Such 
predictions, with proper short-term validations, will give 
an estimate of both the beneficial and adverse effects of 
long-term reinjection at this site, and will also help in 
designing reinjection strategies, including well location, 
depth, and flow rate. 

In our calculations the stratigraphy of Cerro Prieto 
developed by Halfman et al. (1982) was used. Because 
complete three-dimensional geologic information was 
lacking, only a vertical cross section of the system was 
modeled. Figure 1 presents a two-dimensional multilay- 
ered model that fits Halfman's stratigraphy of the 
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western part of the field along a line through wells M-9, 
M-29, and M-10. This layered model, on which our 
reservoir calculations were based, includes several 
major features of the geology of the area, such as the 
variations in thickness and depth of the various layers. 
The model had a closed boundary 1225 m southwest of 
well M-9, which was assumed to be associated with the 
strike-slip Cerro Prieto fault. The intent of our study 
was to calculate the pressure and temperature distribu- 
tion in the cross section being modeled when reinjection 
is carried out at different locations and depths. 

8 W  u-0 u-20 u-10 

1600 k 

-1225 m----1600 m--1760 r n P i  
2 2 0  m 

Figure 1. Vertical two-dimensional model used for the cal- 
culations. The shaded areas represent less permeable layers. 
The diagonally hatched area is the production zone. [XBL 
821 1-31691 
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EQUIVALENT INJECTION RATE IN A 
VERTICAL SECTION 

A major problem in studying a three-dimensional sys- 
tem using a vertical two-dimensional model is how to 
represent the equivalent injection rate. For our study, 
the following approach is proposed. Figure 2 shows 
schematically an areal view of the production field 
represented by a 1.5 km X 1.5 lan area. The vertical 
twedimensional section that was studied is represented 
by the zone between the two broken lines, chosen arbi- 
trarily to be 150 m wide, with a fluid extraction rate in 
the production region of Qp (150/1500) = Qp/10 if 
edge effects are neglected. The twedimensional flow 
rate for an injection well having a flow rate of a, 
located at distance S southwest of the production area, 
was estimated as follows. First, it was assumed that 
Qi/2 of the injected flow rate goes toward the produo 
tion area in response to the lower pressure there; Le., 
half the injected fluid flows toward the production zone 
and half away from it. Thus Qi/2 is contained in the 
angle y between lines stretching from the injection well 
to points A and B in Fig. 2. Then the injected fluid 
entering the vertical section of interest will be propor- 
tional to the angle 8 between lines stretching from the 
injection well to points V and W. This flow rate is 
(Qi /2) (6/y) .  Therefore, for the entire model, which 
extends on both sides of the injection well, a flow rate 
of Qi8/y was used. This expression has the proper lim- 
its for an injection well very close to or very far from 
the production area. 

Table 1.  Cases calculated. 

Production Area /IA 

Figure 2. A schematic areal view of the Cerro Prieto field 
and the vertical section modeled; used to determine the two- 
dimensional injection flow rate. [XBL 821 1-31711 

METHODOLOGY 
Reinjection into the upper aquifer and a reservoir 

were the two alternatives studied. Injection locations 
were assumed to be 220 m or 595 m southwest of the 
edge of the production area, the former corresponding 
to the position of well M-9. Both single-phase (liquid) 
and twephase (steam-water) calculations were carried 
out using the numerical models IT and SHAFT79, 
developed at Lawrence Berkeley Laboratory. 

These computer programs were applied to calculate 
several hypothetical cases of long-term reinjection at 
Cerro Prieto, which are summarized in Table 1. All 
cases were calculated for Qi = 0.3Q,,. For the single- 
phase (liquid) calculations, it was assumed that the 
principle of superposition holds and the injection effects 
were calculated over an injection period of 30 years. 

Injection distance from 
edge of production zone Injected layers Other conditions 

Single-phase calculations 
Case 1 220 m (into M-9) Upper aquifer 
Case 2 220 m (into M-9) a reservoir 
Case 3 595 m (3Wm injection zone) Upper aquifer 
Case 4 595 m (3Wm injection zone) a reservoir 
Case 5 220 m (into M-9) Upper aquifer A break is assumed in the layer 

Case 6 220 m (into M-9) a reservoir A break is assumed in the layer 

Case 7 220 m (into M-9) a reservoir A break is assumed in the layer 

nvephare calculations 

Case 1 220 m (into M-9) Upper aquifer 
Case 2 220 m (into M-9) a reservoir 
Case 3 220 m (into M-9) Upper aquifer A break is assumed in the layer 

separating upper aquifer and a reservoir. 

separating CY and 6 reservoirs. 

separating upper aquifer and a reservoir. 

First, production is simulated for 9 years, then injection into M-9 as production continues. 

separating upper aquifer and a reservoir. 
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Any temperatures and pressures obtained were 
predicted changes due to long-term injection. On the 
other hand, for twephase (steam-water) calculations, it 
could not be assumed that the principle of superposition 
holds. Thus both a 9-year production period and a sub- 
sequent 5-year injection period with ongoing production 
were simulated. 

RESULTS: SINGLE-PHASE 
CALCULATIONS 

Examples of the calculated pressure and temperature 
changes for a singlephase reinjection case are 
presented as contour plots in Figs. 3 and 4. Pressure 
increases in response to reinjection were quickly esta- 
blished and then changed little with time, hence only 
the pressure distribution after 10 years of injection is 
shown. However, since the temperature varied with 
time, the calculated temperature changes after a full 30 
years of injection are shown. In the plots the less 
permeable layers between the aquifers are shaded, and 
the M-9 injection interval and the location of M-29 (the 
production well closest to the injection location) are 
indicated by vertical bars. 

Pressure Changes (After 20 Years of Injection) 

Case 1. The pressure increase due to injection into 
the upper aquifer through well M-9 (Fig. 3) was not 
confined to the upper aquifer, but penetrated through 
the less permeable layers into the a and B reservoirs. 
The less permeable layers retarded the pressure 
response somewhat, so that at a given lateral distance 
from M-9 the pressure change decreased from the upper 
(injected) aquifer to the lower reservoir. The effect 
of the closed southwest boundary of the field (Fig. 1) is 
shown by the shape of the contour lines to the left of 
M-9. The asymmetry of the pressure change contours 
with respect to the injection well (M-9) was due to the 
reflection of the pressure pulse off that closed boundary. 

A comparison of Cases 1 through 7 shows that, in 
each one, reinjection caused a pressure increase 
throughout the multilayered reservoir systems con- 
sidered in our model. The closed boundary to the 
southwest further enhanced those pressure increases. It 
is to be noted that the calculations were based on 
liquid-phase systems. For steam-water systems, the 
high compressibility of the twephase fluid resulted in 
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Figure 3. Pressure changes after 10 years of injection in 
single-phase calculations (Case 1). The vertical lines indi- 
cate the location of the injected interval and open interval in 
well M-29. Contour interval 30 psi. [XBL 8211-31731 

much lower values for the calculated pressure increases 
(see Fig. 5A). However, the qualitative conclusions 
above still hold. 
Temperature Changes 

Case 1. The thermal response to injection into the 
upper aquifer through well M-9 (Fig. 4) was the forma- 
tion of a cool region that steadily grew with time and 
sank due to the higher density of the cooler injected 
water. The less permeable layers slowed the downward 
movement of the cool water but did not stop it entirely. 
After 10 years of reinjection, the cool water had just 
reached the top of the a reservoir; after 30 years, it had 
spread through the a reservoir and just penetrated the 
top of the /3 reservoir. 
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Figure 4. Temperature changes due to injection into the 
upper aquifer through well M-9 in singlephase calculations 
(Case 1). Contour interval 10°C. [XBL 8211-31821 
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RESULTS: TWOPHASE CALCULATIONS 
In the two-phase calculations, as mentioned above, we 

had to compute actual pressure, temperature, and steam 
saturation values. 

Case 3. The effect of a gap in the intervening layer 
separating the upper aquifer and the a reservoir (after 
the production period was simulated for an assumed 
continuous layer) is shown for injection into the upper 
aquifer through well M-9 (Figs. 5A-C). The tempera- 
ture contours show cooler waters entering the produc- 
tion zone through the gap in the intervening layer (Fig. 
5B). This development occurred earlier here than for 
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Figure 5. Pressure, temperature, and steam saturation 
responses after 5 years of injection into the upper aquifer 
through M-9, with continuing production when the interven- 
ing layer between the upper aquifer and the a reservoir is 
discontinuous in two-phase calculations (Case 3). [XBL 
821 1-32221 

the case of a continuous intervening layer because of 
the higher permeability channel that is available. 
There was also a slightly greater contraction of the 0.1 
saturation curve in the production region (Fig. 5C). 
Thus even a relatively small break in the intervening 
layer can have a measurable effect on the pressure and 
temperature distributions after only 5 years of injec- 
tion. 

SUMMARY AND CONCLUSION 
The results of our study show that significant 

pressure-sustaining effects can be obtained in the pro- 
duction zone by reinjecting 30% of the fluid mass 
extracted. The breakthrough of the injected cold water 
into the production zone was strongly dependent on the 
location of the injection wells. Gaps in the low- 
permeability layers between the injected and produced 
reservoirs had a significant effect on the advance of 
thermal fronts into the exploited zones. 

In conclusion, it is recommended that, because of the 
significant benefit of maintaining pressure in the reser- 
voir, reinjection be carried out in a carefully planned 
and carefully monitored fashion. Early results over 1-5 
years may be used to validate our assumptions and 
models. Once validated, the method can be used to 
predict reservoir behavior with considerably more 
confidence. 
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SPECIAL PROJECLS 

This section summarizes the work on four special projects, each dealing with a 
facet of the complex, overall problem of nuclear waste isolation. The issues 
addressed include high-level wastes as well as low-level wastes. The first article, by 
Watkins and Wilson, summarizes the ongoing effort of Lawrence Berkeley 
Laboratory (LBL) to assist in the characterization of the basalt site at the Hanford 
Reservation in the state of Washington for high-level waste isolation. The second 
article, by Narasimhan and others, deals with the problem of low-level radioactive 
waste disposal in relation to inactive uranium mill tailings at two sites, one in 
Wyoming and the other in Colorado; both field studies and laboratory investigations 
are discussed. LBL's thermomechanical experiments at Stripa, Sweden, produced a 
large quantity of unusual data, not all of which have so far been analyzed. In the 
third article, Cook and others describe how the displacement measurements made at 
Stripa reveal anomalous deviations from predictions based on linear deformation 
theory, although the temperature field agrees remarkably with predictions based on 
linear assumptions. The role of fractures in this anomalous behavior is discussed. 
The last article, by Wollenberg and others, is a discussion, based on a literature 
survey, of the advisability of considering the deep unsaturated zone at the Nevada 
Test Site as a possible candidate for high-level waste disposal. 

This work was supported through U.S. Department of Energy Contract No. DE- 
AC03-76SF00098 by (1) the Assistant Secretary for Nuclear Energy, Wice  of 
Nuclear Waste Management, Division of Nuclear Waste Isolation; (2) the Assistant 
Secretary for Nuclear Energy, office of Nuclear Waste Management, Division of 
Remedial Action Programs; and (3) the High Level Waste Technology Branch, 
Division of Waste Management, Ofllce of Nuclear Material Safety and Safeguards, 
U.S. Nuclear Regulatory Commission, through Interagency Agreement DOE-50-80- 
97, FIN NO. B 3109-0. 





SITE CHARACTERIZATION STRATEGIES 
FOR NUCLEAR WASTE DISPOSAL IN 

BASALT 

D.J. Watkins and C.R. Wilson 

Radioactive wastes range from dilute, short-lived 
materials to high-level wastes (HLW) in the form of 
spent fuel rods or the products of the first cycle of 
reprocessing. They have properties that distinguish 
them from other hazardous wastes. For example, high- 
level wastes are intensely radioactive and generate large 
quantities of heat by radioactive decay. Burial in deep 
geologic repositories is the primary technique being 
considered for safe disposal. In the United States, four 
rock types are being actively considered: basalt, tuff, 
salt, and granite. 
As part of the U.S. Department of Energy's (DOE) 

National Waste Terminal Storage (NWTS) Program, 
Rockwell Hanford Operations ( Rockwell) is directing 
the Basalt Waste Isolation Project (BWIP). This project 
was initiated in May 1976 to investigate the feasibility 
of constructing an HLW repository in the Pasco Basin, 
within the Columbia Plateau basalts, at the DOES Han- 
ford Site near Richland, Washington (see Fig. 1). 
Lawrence Berkeley Laboratory (LBL) is assisting 
Rockwell in (1) planning hydrologic field testing and 
modeling studies for the Pasco Basin (within which the 
candidate repository site is located), (2) designing the 
underground test facilities and instrumentation to 
characterize the hydrothermomechanical properties of 
the rock at repository depth, and (3) measuring the 
thermomechanical properties of the rock and analyzing 
the hydrothermal aspects of conceptual designs for 
waste canister storage holes and tunnels. 

The Pasco Basin is a structural and topographic 
basin. It is bounded on the north, west, and south by 
anticlinal structures and on the east by a gently sloping 
upland area. In the shallower geologic formations, 
groundwater is thought to move into the basin along 
most boundaries. In the deeper formations, however, 
the directions of groundwater movement along several 
boundaries, particularly those on the western and south- 
ern sides of the basin, are not clearly defined and are 
an element of ongoing investigations. In addition, stu- 
dies are underway to evaluate the hydrologic properties 
influencing groundwater velocity and direction within 
the deeper formations, particularly as related to vertical 
groundwater movement. 

i 

\ t 
IDAHO 

Figure 1. Location map of the Pasco Basin within the 
Columbia River basalts. [XBL 792-8312] 

To address these questions related to groundwater 
movement, Rockwell's program of hydrologic site char- 
act eri zati on includes dri 11 i ng and testing of boreholes 
and modeling studies. LBL is assisting Rockwell in 
planning this effort and in integrating the surface-based 
hydrologic investigations with the testing that will be 
performed in underground exploration facilities to be 
constructed at the candidate repository site. LBL is 
also providing technical assistance to Rockwell in the 
selection and design of testing methods and is partici- 
pating in a task force of scientists brought together by 
Rockwell to review the hydrologic data base and numer- 
ical models of groundwater movement in the basin. 
The task force consists of hydrologists from Rockwell, 
the US. Geological Survey, and Pacific Northwest 
Laboratory, who are actively involved in studies of the 
hydrology of the Pasco Basin and its surrounding 
region. Through appropriate planning of integrated sur- 
face and subsurface-based data collection and the 
development of increasingly refined numerical models, 
the site characterization program is designed to enhance 
the data base and provide adequate understanding of 
the hydrologic regime in the deep basalts. 

UNDERGROUND TEST FACILITIES 
To fully characterize a site for a nuclear waste repo- 

sitory, regional investigations and investigations con- 
ducted in deep boreholes drilled from a surface must be 
integrated with underground exploration and testing. 
Underground testing permits the geologic, hydrologic, 
geochemical, and thermomechanical characteristics of 
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the repository horizon to be explored in detail and the 
properties of the rock mass to be measured at a 
sufficient scale to obtain representative values of key 
parameters that control its radionuclide isolation capa- 
bility. Largescale tests are necessary because the frao 
tures in the rock mass play a dominant role in control- 
ling the movement of groundwater and affect the stabil- 
ity of underground openings. The size of the in situ 
tests required to obtain representative measurements of 
rock mass properties depends upon such fracture 
characteristics as spacing, orientation, length, and aper- 
ture and the spacial variability of these properties. 
Rock mass properties are affected by stresses, displace- 
ments, thermal loads, and changes in the hydrologic 
and geochemical regime that result from construction 
and operation of the repository. Consideration must 
also be given to discrete geologic features such as faults 
or shear zones that might affect the design or 
performance of the repository. Thus, to adequately 
characterize a site, it is necessary to evaluate coupled 
hydrothermomechanical effects, the interaction between 
rock properties and repository design, and the site- 
specific geology that is revealed during the progressive 
stages of exploration. 

At the BWIP site an exploratory shaft will be sunk to 
a depth of some 1150 m to penetrate the deep basalt 
flows. Boreholes will be drilled from the shaft to meas- 
ure hydraulic heads and gradients and to obtain hydro- 
logic, geochemical, and geotechnical data sufficient to 
make a preliminary estimate of the waste isolation 
potential of the basalt flow that is being considered as a 
candidate horizon for the repository. Horizontal entries 
will be excavated from the shaft into the entablature of 
the candidate flow for detailed exploration of its geol- 
ogy and to accommodate large-scale in situ tests. 

Figure 2 shows a conceptual layout developed by LBL 
for an underground test facility that includes openings 
for various in situ tests designed to measure key proper- 
ties of the rock mass. The inflow tests would measure 
the characteristics of the hydrologic regime generated 
by drawdown into a horizontal entry and provide a prel- 
iminary estimate of the large-scale hydrologic properties 
of the rock mass. Heated block and heater tests permit 
the response of the rock to thermomechanical loading to 
be measured under controlled conditions. The facility 
also provides space for the multiplicity of small-scale 
tests that are required to characterize the interior of the 
basalt flow and study the properties of fractures and 

General Test Area - - - - - - - - - - - - - - - - 

Conceptual lOOm 

Figure 2. Conceptual layout for an underground test facility. [XBL 823-2094] 
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discrete geologic features. Horizontal boreholes may be 
drilled to extend lateral exploration beyond the perime- 
ter of the test facility. 

Since groundwater transport is the principal means 
by which radionuclides might migrate from the r e p i -  
tory to the biosphere, the hydrologic properties of the 
candidate basalt flow must be accurately measured. 
Figure 3 shows a longitudinal section through an open- 
ing for the largescale hydrology test that has been 
developed by LBL and adapted for conditions at the 
BWIP site. In this test, water flowing into a section of 
an underground opening that is isolated by bulkheads is 
measured and the hydraulic heads in the rock mass sur- 
rounding the opening are obtained from an array of 
boreholes drilled parallel and subparallel to the axis of 
the opening and radially outward therefrom. 

The techniques used to measure the inflow into the 
test section depend upon the rate of flow. One tech- 
nique developed by LBL and applied in similar tests in 
granite at the Stripa Test Facility in Sweden measures 
flow by monitoring the inlet and outlet humidity of 
heated ventilation air piped through a bulkhead and cir- 
culated in the test section. A cold trap in which mois- 
ture is condensed out of the air may also be used. For 
some ranges of flow rate, measuring techniques that 
combine condensation, ventilation of humid air, and 
direct measurement of liquid flow may be required. 
The measured flow and heads are used to compute the 
permeability of the rock mass surrounding the entry, to 
evaluate its hydraulic anisotropy, and to investigate the 
volume of rock that forms a representative elementary 

Borehole to monitor 
upper boundory condition 
(If required) 

Drilling u, Gallery 

Longitudinal Section 

\ 

Borehole tomonitor 
lower boundary condition 
(if required) 

Figure 3. Large-scale hydrology test. [XBL 824-21 11 

volume (REV). By injecting tracers into the zone sur- 
rounding the test entry, the velocity with which fluid 
moves through the rock mass can be measured and the 
rock porosity estimated. The effects of stress redistribu- 
tion and mining-induced damage on the hydrologic pro- 
perties of the rock can also be studied by observing the 
distribution of heads and conductivities in the zone 
around the opening. 

The layout and test facilities shown in Fig. 2 are 
illustrative only. The final design will depend upon the 
findings obtained during the progressive stages of site 
investigation and considerations related to ventilation, 
geometries required to maintain stable openings, mining 
logistics, and safety requirements. Scheduling of the 
largescale in situ tests is also influenced by such fac- 
tors as the natural variability of the site geology, the 
final design of the waste storage scheme, and the rela- 
tive influence of the parameters to be measured on the 
rate and mechanism by which radionuclides might 
migrate to the biosphere through the engineered bar- 
riers and the geologic system. Rockwell’s site character- 
ization and repository design programs are designed to 
address these questions. The appropriate tests to be 
included in the test facility as finally designed will be 
selected on the basis of the most current data obtained 
from the site and a systematic evaluation of the reposi- 
tory performance requirements. 

HYDROTHERMAL CONDITIONS IN A 
REPOSITORY 

An important consideration in the design of a nuclear 
waste repository is the effect of the heat generated by 
radioactive decay. The head load may generate convec- 
tive flow that could transport nuclides upward from the 
repository. Temperature increases in the rock surround- 
ing waste canisters also influence the design of the r e p  
sitory layout and the ventilation requirements. The 
temperature of the waste canisters and the surrounding 
rock as well as the potential for steam to be generated 
in storage holes and in the rock mass are other factors 
that must be analyzed to assess site suitability, to deter- 
mine canister corrosion rates and canister material 
requirements, and to develop a systematic repository 
design. 
As a part of their site characterization program for 

BWIP, Rockwell has obtained drill core specimens for 
thermomechanical testing from the deep basalt flows. 
LBL has performed tests on some of those recently 
obtained from depths between 900 and 1200 m to meas- 
ure their specific heat, thermal diffusivity, thermal 
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expansion, and thermal conductivity. The properties of 
individual specimens reflect the natural variability of 
the rock and are temperature dependent. Typical 
values for specimens of the Umtanum basalt tested by 
LBL from a depth of some 1200 m and for a tempera- 
ture of 50 to 300°C are: specific heat, 0.19-0.24 
cal/g-"C; thermal diffusivity, 4.79 X to 6.13 
X lom3 cm2-s; linear coefficient of thermal expansion, 
5.30 X 10" to 7.50 x lO"/"C; and thermal conduc- 
tivity, 1.328 to 1.156 W/m-"C. 

To assist Rockwell in the repository design studies, 
LBL has adapted computer simulation techniques origi- 
nally developed to study two-phase fluid conditions in 
geothermal reservoirs to analyze hydrothermal condi- 
tions in the near field of waste canisters. LBL has per- 
formed calculations, including parameter sensitivity stu- 
dies, to estimate the temperature in the waste canisters 
and the surrounding rock mass and the extent of the 
zone of rock that may be permeated by steam. A con- 
ceptual design currently being considered for the BWIP 
site calls for waste canisters to be stored in horizontal 
holes drilled on 32.6-m centers through the 61.0-m-wide 
pillars separating parallel storage tunnels in a repository 
constructed at a nominal depth of 1150 m. Each hole 
would accommodate several canisters with an initial 
thermal load of 2.21 kW/canister. The tunnels and 
storage holes would be left open for 50 years prior to 
backfilling. When typical average values for the hydro- 
logic and thermal properties of the rock are assumed, 
the temperature of the canisters initially declines from 
300°C as heat is lost to the relatively cool rock mass 
(54°C) but then increases to reach a peak of some 
210°C about 2 years after emplacement. Under these 
conditions only a small volume of rock extending some 

HYDROCHEMICAL STUDIES OF URANIUM 
MILL TAILINGS PILES AT RIVERTON, 

WYOMING, AND MAYBELL, COLORADO 

T.N. Narasimhan. A.F. White, A.R. Smith, 
T. Tokunaga, J. Delany, and B. Moed 

The objective of this study is to enhance understand- 
ing of the physicochemical mechanisms that govern the 
release and transport of contaminants within and 
around the representative uranium mill tailings piles at 

14 cm radially beyond the wall of the canister storage 
hole is permeated by steam (see Fig. 4). This is 
because for typical conductivities of the dense interior 
of the basalt flow (K = lo-'' to m/s), hydraulic 
gradients and pressures in the near field of the storage 
hole are high and temperatures are reduced by loss of 
heat through convective transport along the storage 
holes and into the tunnels. The results of these ana- 
lyses have shown that the maximum temperature of the 
waste canisters and the surrounding rock mass is sensi- 
tive to the thermal conductivity and permeability of the 
rock and the delay between canister emplacement and 
backfilling. By identifying such key parameters, 
hydrothermal modeling studies aid in the development 
of site characterization strategies and allow systematic 
evaluation of alternate repository design concepts. 

l i m e  (years) 

Figure 4. 
containers. [XBL 827-6155] 

Volume of steam in rock mass per 8.5 waste 

Riverton, Wyoming and Maybell, Colorado. The River- 
ton tailings, selected for intensive study during fiscal 
1982 are representative of many other piles located in 
the western U S .  that are underlain by shallow ground- 
waters, the potential avenues of contaminant transport. 
The Maybell pile is considered representative of those 
tailings piles under which the water table is deep. The 
field, laboratory, and modeling investigations conducted 
by Lawrence Berkeley Laboratory (LBL) will provide 
appropriate guiding factors for designs to be generated 
by the architectural engineer of the Uranium Mill Tail- 
ings Remedial Action Program. 

A detailed description and history of the Riverton 
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site has been given by Ford, Bacon, and Davis, Inc. 
(1981). Briefly, the site is located in the Wind River 
Valley approximately 4 km southwest of the city of 
Riverton, Fremont County, Wyoming (Fig. 1). The 
tailings pile is located on the flood plains of the Little 
Wind River (1 km south of the site) and the Wind 
River (2 km north of the site). The climate at Riverton 
is semiarid with an average precipitation of 24 cm/year. 

Beneath the Riverton tailings are two alluvial 
aquifers of geochemical interest in terms of potential 
toxic element and radionuclide transport. An 
unconfined shallow aquifer exists within the terrace 
stream gravels and sands directly beneath the base of 
the tailings. The aquifer is used solely for irrigation 
and livestock watering; local drilling has revealed that 
it is less than 5 m thick in most places. Underlying the 
alluvium is the Wind River Formation (Eocene), a 
60@m sequence of lenticular, interbedded sandstones, 
siltstone, and shales. A number of domestic wells rang- 
ing from depths of 6Ck-140 m are completed in sand- 
stone horizons in the immediate vicinity of the pile, in 
addition to industrial use wells such as those drilled to 
supply an operating acid plant and a now-inactive mill. 
Intensive development of this deeper aquifer has 
occurred north of the tailings by well fields that provide 
the drinking water supply to the city of Riverton. 

The report by Narasimhan et al. (1982) contains 
more detailed site descriptions for the Riverton and 
Maybell tailings piles. That report also describes the 
progress of this LBL project during fiscal 1981. Figure 
1 shows locations of boreholes and preyometers on the 
Riverton tailings pi le. 

t 

FIELD AND LABORATORY ACTIVITIES 

Field activities of fiscal 1982 included reinstallation 
of tensiometer soil water and sampler nests at Riverton 
and Maybell; monitoring of hydraulic head profiles; 
infiltration tests; a preliminary pump tracer test; precip 
itation monitoring at Riverton; monitoring of depth to 
the water table at two sites on the Riverton tailings 
pile; monthly collection of surface water, tailings pore 
water, and precipitation samples for geochemical ana- 
lyses; completion of off-site boreholes for sampling of 
groundwater for use in laboratory column experiments; 
y-spectrometric logging; and hand excavation and sam- 
pling of shallow pits extending from the surface to the 
upper tailings at Riverton to search for upward radionu- 
clide migration. 

Laboratory activities of fiscal 1982 included chemical 
analyses of tailings pore water, surface water, shallow 
and deep groundwater, and precipitation samples to 
determine major and minor element composition and 
deuterium, tritium, oxygen, and sulfur isotope composi- 
tion; completion of detailed scanning of continuous core 
through the Riverton and Maybell tailings to determine 
the distribution of gross y-activity; analysis of samples 
from vertical core through the Riverton tailings by 
high-resolution x-ray spectrometry to determine the con- 
centrations of ten radionuclides and the rate of radon- 
222 emanation; and completion of a soil physics labora- 
tory. Tailings and soil cover samples were analyzed here 
for saturated and unsaturated hydraulic conductivities, 
water saturation as a function of pressure head under 
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Figure 1. 
boreholes: RA, RB, and RC. Numbers P-1 through P-19 denote piezometers. [XBL 821-1737] 

Map of the tailings pile at Riverton, Wyoming, showing the location of the three instrumentation sites and 
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drainage conditions, saturation vs metric head, effective 
hydraulic conductivity as a function of pressure head, 
particle size distribution, bulk density, and porosity. 

SUMMARY OF SIGNIFICANT 
CONCLUSIONS 

Hydrologic data from within the tailings at Riverton 
and at Maybell reveal that pronounced downward gra- 
dients of hydraulic potential exist at three sites more 
than about a meter below the tailings surface. Between 
the surface and a meter below, upward gradients of 
hydraulic head, caused by evapotranspiration, are 
clearly noticeable. Figure 2 shows profiles of hydraulic 
head potential. At both sites, the matric suctions down 
to 6.1 m (20 ft) below the tailings surface ranged from 
-0.5 to -2 m of H,O, indicating relatively substantial 
water saturation. The porosity of the tailings material 
is usually in excess of 40% and averages about 80% 
sand, about 15% silt, and about 4% clay. The cover 
material at Riverton is more fine grained, with roughly 
50% sand, 35% silt, and 13% clay. 

The saturated hydraulic conductivity of the Riverton 
tailings material varies from IO-* to lo4 m/s. The 
effective hydraulic conductivities show strong depen- 
dence on saturation. 

Strong heterogeneities, both lateral and vertical, are 
discernible within the tailings. Despite this, one can 
attempt to estimate the downward water flux through 
the tailings. It has been estimated that the net down- 
ward flux through the tailings is in the range of 3 X 

to 3 X lo-, m3/m2/year, which is between 1 and 
10% of the mean annual precipitation. Evidently, there 
is significant loss due to evapotranspiration. 

Isotopic measurements of deuterium, oxygen, and tri- 
tium suggest that the shallow aquifer is primarily 
recharged by the Wind River and that recharge from 
the tailings is limited only to the shallow alluvium. 
The ratio 34S/32S has been used as a conservative tracer 
in defining zones of contamination by tailings water. 
Recent off-site drilling has revealed the existence of a 
chemical plume in which concentrations of Ca and SO4 
are an order of magnitude larger than that of the back- 
ground (see Fig. 3). The plume also shows high Mo 
concentrations. 

The low-pH tailings water, high in Al, Fe, and SO4, 
dissolves the calcite present in the alluvium immedi- 
ately below the tailings-soil interface and releases C03 
gas. The ionic activity product, nevertheless, indicates 
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Figure 2 Profiles of hydraulic head potentials observed at 
sites RA, RB, and RC, Riverton, Wyoming, between June 
and August, 1982. [XBL 829-1151] 
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Figure 3. Sulfate concentrations and sulfur-34 composition 
of waters from both the shallow alluvial and deep Wind 
River aquifers. Anhydrite saturation is superimposed in the 
down-gradient direction of the tailings. [XBL 829-2461] 

that the groundwater in the shallow zone is still super- 
saturated with CaC03, suggesting still active buffering 
capacity. Beneath and downstream from the tailings, 
the groundwater is saturated with gypsum. Simple cal- 
culations made with a geochemical mixing model sug- 
gest that about 1% tailings water is admixed with the 
groundwater. 

Several Shelby tube samples from Riverton were 
analyzed using a high-resolution "/-ray spectrometer 
utilizing a &-semiconductor detection system. There is 
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Figure 4. 
taken from Shelby tubes, borehole RA-3, Riverton site. 

Radionuclide concentrations measured in samples 
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PROGRESS WITH THERMOMECHANICAL 
INVESTIGATIONS AT THE STRIPA SITE 

N.G. W. Cook, P.A. Witherspoon, E.L. Wilson. 
and L.R. Myer 

The Stripa mine in Sweden has provided an unusual 
opportunity to investigate the thermomechanical 
behavior of a granitic rock mass and the effect on such 
behavior of the discontinuities that are a persistent 
feature. Gale et al. (1982) have discussed the results 
of investigations on the hydrogeology at the Stripa site 
and described the geological setting and the work that 
was performed in characterizing the fracture system. 
This article presents a review of progress that has been 
made with thermomechanical investigations. 

Three experiments to simulate the thermal effects of 
burying radioactive wastes have been done at a depth of 
about 340 m in a granite (quartz monzonite) mass in 
the Stripa mine (Witherspoon et al., 1981). The objec- 
tives and design of these experiments are described in 
Cook and Witherspoon (1978). One experiment 
involved an array of eight electrical heaters, scaled so 
as to simulate in a single year the heat conduction field 
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evidence suggesting that both uranium and thorium are 
moving downward within the tailings (see bottom, 
Fig. 4); radium, on the other hand, appears relatively 
immobile (see top, Fig. 4). Evidence also exists to sug- 
gest that several nuclides such as Th-234 have migrated 
upward from the tailings into the cover above. 

Hydrologic, geochemical, and radiochemical data 
indicate that chemical transport within the tailings is 
currently active. 
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around radioactive-waste canisters over a decade. The 
other two experiments each involved a single full-scale 
electrical heater to simulate the short-term, proximate 
effects in the rock of heat, such as would be released by 
the radioactive decay of nuclear wastes. One of the 
full-scale experiments used a power output of 3.6 kW, 
corresponding to a canister of high-level nuclear wastes 
5 years out of the reactor and the other an output of 
5 kW, corresponding to a canister of nuclear wastes 
3 years out of the reactor. Each heater measured 0.3 m 
in diameter by 3 m in length and was buried in a verti- 
cal hole 0.406 m in diameter by 5.5 m deep in the floor 
of an underground drift. 

ANALYSIS OF THERMOMECHANICAL 
MEASUREMENTS 

Data Collection 

A comprehensive suite of instruments was installed in 
order to measure thermomechanical effects in each of 
the three heater experiments. Four types of instruments 
were used: (1) thermocouples for temperature measure- 
ment, (2) U.S. Bureau of Mines (USBM) borehole 



deformation gauges for stress determination, (3) IRAD 
vibrating-wire gauges for stress determination, and 
(4) rod extensometers for displacements. Details of the 
installation and calibration of these instruments have 
been reported (Schrauf et al., 1979). 

Changes in temperatures in the rock around the two 
full-scale heaters were measured with thermocouples 
installed at elevations from 3.0 m above to 3.0 m below 
the mid-plane of each heater in six vertical boreholes at 
radial distances from 0.4 m to 0.9 m from the axis of 
the heater. Relative displacements between points in 
the rock adjacent to each heater were measured using 
fifteen 4-point wire extensometers located in nine hor- 
izontal and six vertical boreholes. The USBM deforma- 
tion gauges and IRAD "stress meters'' were also 
installed in the same rock to assess changes in stress. 
The heaters were operated at full power for 400 d, dur- 
ing which measurements were recorded continuously, 
followed by another 200 d of recording after the heaters 
had been switched off. 

Predicted changes in temperatures, displacements, 
and stresses over the heating period were calculated 
using the theory of linear thermoelasticity in advance of 
the experiments (Chan et al., 1978). During the period 
of heating, comparisons were made between measured 
and predicted values. In general, linear heat conduc- 
tion was found to yield a good prediction of the meas- 
ured temperature distributions. However, the measured 
displacement between extensometer anchor positions 
consistently proved to be about half the value predicted 
from the theory of linear thermoelasticity; predictions 
were based on a value of a = -11.1 X 104/"C for the 
linear coefficient of thermal expansion for the rock, 
which proved to be too high. 

The suite of measurements made underground at 
Stripa has been documented fully (Chan et al., 1980), 
but a complete analysis of these data has not yet been 
made. This article presents a partial analysis of data 
for those situations in which it is comparatively easy to 
do the necessary calculations by hand. 

Temperatures 

At a radial distance of about 0.7 m from the full- 
scale heater axes, temperatures in the mid-plane of the 
3.6-kW heater were below 1OO"C, and those of the 5- 
kW heater were above 100°C. Comparisons between 
measured temperatures and calculated, conductive tem- 
peratures at these positions enable one to assess the 
effects, if any, of phase changes from water to steam on 
the temperature field. Similarly, comparisons between 

measured temperatures and calculated, conductive tem- 
peratures for positions at this radial distance and 1.5 m 
above and below the mid-plane of the heater enable one 
to assess the effects of convection on the temperature 
field. 

Shown in Fig. 1 is a comparison between calculated, 
conductive temperatures and measured temperatures in 
the vertical thermocouple hole T15, at a radial distance 
of 0.69 m from the axis of the 3.6-kW heater for the 
heating and cooling cycle. Position C is in the mid- 
plane, B is about 1.5 m above this plane, and D is 
about 1.5 m below it. Linear regression analyses of the 
data show that the correlations between the measured 
and calculated temperatures are high, r > 0.998. This 
result was obtained using a linear relationship between 
calculated temperature, x , and measured temperature, 
y ,  in the form 

y =mx + b ,  (1) 

where m is the straight-line slope and b is the intercept 
on the axis for measured temperature. From the param- 
eters given in Fig. 1, it is evident that the intercept 
values are relatively small, but the slopes are quite vari- 
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Figure 1. The relationships between calculated and meas- 
ured temperatures in the rock around the 3.6-kW heater at a 
radius of 0.69 m and three vertical locations: 1.5 m above 
B, on C, and 1.5 m below D, the mid-plane of the 
heater. (XBL 837-107981 
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Figure 2. The relationships between calculated and meas- 
ured temperatures in the rock around the 5-kW heater at a 
radius of 0.7 m and three vertical locations: 1.5 m above B, 
on C, and 1.5 m below D, the mid-plane of the 
heater. (XBL 837-107991 

able. As the theory of heat conduction is linear, the 
effects of nonlinearities, such as thermal convection, 
should result in finite intercepts on the axes, or correla- 
tion coefficients less than unity. Slopes other than 
unity, with correlation coefficients near unity and rela- 
tively small values for the intercepts, indicate that the 
values of the theoretical constants are not correct, 
although linear theory is applicable. The lowest of the 
three lines in Fig. 1, T15D, has the largest value for 
the intercept, but this value is still relatively small. All 
these lines have high correlation coefficients. This sug- 
gests that heat flow in the rock outside the heater hole 
was by conduction and that the flow was greater above 
the mid-plane than below it. Other investigations 
(Javandel and Witherspoon, 1982) confirm that induced 
convection in the heater caused more heat to flow above 
the mid-plane than below it. 

Figure 2 compares calculated values of temperatures 
at a radial distance of 0.7 m from the axis of the 5-kW 
heater for three similar vertical locations relative to the 
mid-plane of thermocouple hole T21. All of the correla- 
tion coefficients are significantly less than unity, and 
the values of the axial intercepts for positions T21B and 
T21D are relatively high. This suggests that some heat 
flows other than by conduction. However, if anything, 
the data are closer to being linear for temperatures 

above 100°C than they are for temperatures below 
100"C, indicating that phase changes from water to 
steam are not an important part of these nonlinearities. 

Displacements 

Figure 3 compares measured and calculated values of 
the relative displacements between points about 2.2 m 
above and below the mid-planes of the heaters and at 
radial distances of about 2 m from the heater axes. 
Extensometer hole E7 is adjacent to the 3.6-kW heater, 
and E12 is adjacent to the 5-kW heater. Measured 
relative displacements at E7 are plotted as a function of 
calculated displacements to investigate the effects of 
heating and cooling at the 3.6-kW heater. For the 5- 
kW heater, only displacements at E12 during heating 
for the first 200 d are plotted; at that time eight peri- 
pheral heaters uniformly separated around a circle at a 
radial distance of 0.9 m from the 5-kW heater were 
switched on to simulate the ambient heating that would 
occur as a result of the interaction of canisters in an 
array. The effects of this additional heating followed 
by cooling cannot readily be calculated by hand. 

The correlation coefficients for the two sets of heat- 
ing data and one set of cooling data are all close to 
unity, r > 0.997. However, the intercepts increase sys- 
tematically with increasing temperature, b = 
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Figure 3. The relationships between calculated and meas- 
ured displacements between positions in the rock about 2.2 m 
above and below the mid-planes of the heaters as a function 
of the mean temperature of the rock between these 
positions. [XBL 837-108001 
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0.032 mm for the 3.6-kW heater during heating and b 
= 0.138 mm for the higher temperatures produced dur- 
ing heating with the 5-kW heater. This suggests that 
the coefficient of thermal expansion is dependent on 
temperature. Note also that all slopes are much less 
than unity, which indicates that the numerical value of 
the coefficient used in our predictive calculations (-1 1.1 
X 104/OC) was much too large. 

Temperatures in the rock between these extensometer 
anchors were also measured and predicted, and there- 
fore a value can be derived for the in situ coefficient of 
thermal expansion. Figure 4 shows the ratio between 
the calculated and measured displacements as a func- - 
tion of the measured mean rock temperature, T, 
between the extensometer anchors. The mean rock tem- 
perature adjacent to the 3.6-kW heater increased for the 
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Figure 4. (Top) The ratio between calculated and measured 
relative displacements of positions in the rock about 2 m 
from the heater axes and about 2.2 m above and below the 
mid-planes of the heaters as a function of the mean tempera- 
ture of the rock between these positions. (Bottom) Inferred 
in situ values for the linear coefficient of thermal 
expansion. [XBL 837-10801] 

first 400 d and then decreased for the remaining 200 d. 
The mean temperature adjacent to the 5-kW heater 
increased by an amount (5  kW/3.6 kw) greater than 
that around the 3.6-kW heater for the first 200 d, until 
the peripheral heaters were switched on. The ratio 
between the calculated and measured displacements, R , 
can be approximated ( r  = 0.813) by the line 

R = 2.66 - 0.015 T ( 2) 

over a range of mean temperatures 2 0 0 ~  < T < 450~. 
The value of the in situ linear coefficient of thermal 
expansion, a*, can be found by dividing the value used 
in the calculations by R; that is, 

Values of the in situ coefficient a* as a function of 
mean temperature, T ,  are shown in Fig. 4. Note that 
the rock mechanics convention in use here makes both 
expansion and the coefficient of thermal expansion 
negative. 

Hysteresis of the thermally induced expansion and 
contraction cycles can conveniently be studied using 
data obtained in the E7 extensometer adjacent to the 
3.6-kW heater. One of the extensometer anchors, B, 
was located close to the mid-plane of the heater. The 
calculated and measured relative displacements between 
this anchor and those about 2.2 m above and below the 
mid-plane, A- and C respectively, are as illustrated in 
Fig. 5 for the heating and the cooling periods of the 
experiment. The overlapping plots are somewhat 
confusing, but the purpose is to illustrate how the heat- 
ing and cooling effects for the upper section, AB, differ 
from those for the lower section, BC. Note first of all 
that the correlation coefficients for both the heating and 
cooling periods for the lower interval, BC, are near 
unity but that their slopes are quite different from one 
another. For the upper interval, AB, the correlation 
coefficient was near unity only for the cooling period. 

Over the heating interval, however, the fitted lines 
between calculated and measured displacements have 
significant values for the intercepts, b, indicating that 
the thermal expansion is decidedly nonlinear. For the 
cooling period, both intervals also have finite intercepts, 
but this may have resulted from the nonlinearity during 
heating. Also over the cooling period, the slopes for 
both the AB and BC sections are similar, but the values 
range from 0.308 to 0.441, indicating again that the 
value for the coefficient of thermal expansion used in 
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Figure 5. The relationships between calculated and meas- 
ured relative displacements of positions in the rock at a 
radial distance of about 2 m from the axis of the 3.6-kW 
heater and at three vertical locations: 2.2 m above A, on B, 
and 2.2 m below the mid-plane of the heater during heating 
and cooling periods. [XBL 837-108021 

our predictive calculations was much too large. 
The nonlinearity in measured displacements could 

have been caused by small discontinuities (cracks) in 
the rock mass (Witherspoon et al., 1981). Thermally 
induced expansions as measured between anchors p i -  
tioned on either side of a crack would appear to be 
diminished because the expanding rock would first move 
to close the opening and not necessarily produce a 
measurable displacement. Conversely, displacements 
between positions that do not include a crack would 
appear to be accentuated as a result of a diminished 
restraint from the adjacent rock because of the crack. 
Such is the situation in Fig. 5. The displacements 
between positions B and C over the heating period are 
accentuated (i.e., they have the greater slope), whereas 
those measured between positions A and B are dimin- 
ished (Le., they have the smaller slope). This seems to 
suggest that a crack (or cracks) in the rock mass 
between positions A and B affected the displacements 
significantly. 

During the cooling period, the data for section BC 
tend to support the same concept of a discontinuity 
within the rock mass between A and B. The BC inter- 
cept of -0.098 mm indicates the effect of a permanent 
set having occurred as a result of the fracture first clos- 
ing and then not recovering the same total displacement 
upon opening. This is commonly observed in laboratory 
testing of fractured rocks (Witherspoon et al., 1980). 
Thus it appears that the closing of fractures may pro- 
vide an explanation for the anomalously low values of 
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the thermally induced rock displacements during the 
heater experiments at Stripa. 

Stresses 

The effect of fractures in the rock, such as those 
needed to explain the small values of the thermally 
induced displacements, would result in lower values of 
the thermally induced stresses than would be predicted 
by calculation. Stiff inclusion ‘‘stress meters” and 
borehole deformation gauges were installed in the 
heater experiments. The data are stored as frequencies 
of the vibrating wire for the IRAD “stress meters” and 
as changes in borehole diameter for the USBM defor- 
mation gauges. However, the amount of calculation 
involved precludes the analysis of these data by hand. 

The virgin state of stress at Stripa has been measured 
by overcoring and hydraulic fracturing in a vertical 
borehole from surface to a depth of 381 m (Doe et al., 
1981). It appears that the vertical component of the 
virgin stress is approximately equal to the weight of the 
overburden and that one of the horizontal stresses is 
about twice the vertical component. There is some evi- 
dence to suggest that the state of stress observed in this 
borehole is perturbed from the virgin state of stress in 
proximity to the mine. Other stress measurements have 
been made underground in the vicinity of the heater 
experiments (Carlsson, 1978; Doe et al., 1982). The 
underground stress measurements reflect the effects of 
stress concentrations around the old mine excavations 
and around the experimental drifts. The proper 
analysis and interpretation of these data require exten- 
sive numerical modeling of the stress distributions 
around the openings. 

MATERIAL PROPERTIES 
INVESTIGATIONS 

The above discussion reveals the need for accurate 
data on material properties in any investigation of the 
thermomechanical behavior of a fractured rock mass. 
The comparisons of measured displacements with calcu- 
lated displacements that were based on constant values 
for the thermoelastic parameters clearly reveal the need 
for a better definition of these parameters, both in 
terms of absolute values and nonlinearities. Therefore 
a program of laboratory investigations has been started 
to measure coefficients of thermal expansion and elastic 
moduli for Stripa granite as a function of pressure and 
temperature. The program is not yet complete, but the 
progress that has been made to date can be summarized 
as follows. 



The rock samples chosen for laboratory testing were 
selected from cores recovered from instrumentation 
holes close to those in which measurements of displace- 
ments and stresses were made. The samples are thus 
from the same rock mass that has been subjected to the 
heater experiments. All samples tested to date have 
been intact. It will be necessary to investigate frac- 
tured samples in order to better understand how discon- 
tinuities affect the material properties, but this has not 
yet been done. 

To bracket temperature and stress conditions that 
existed during the heater experiments, tests were per- 
formed over a range of temperatures, T, from 20°C to 
200°C and hydrostatic stresses (confining pressure, P) 
from 2 to 55 MPa. Maximum deviatorial stress varied, 
depending on conditions, from 60 MPa at T = 200°C 
and P = 2 MPa to 260 MPa at T = 20°C and P = 55 
MPa. 

To minimize the number of samples that had to be 
tested, each sample was subjected to a matrix of 
pressure-temperature states, and the test sequence was 
designed to minimize sample damage (Myer and 
Rachiele, 1982). Property measurements were started 
at the highest confining pressure, and a heating and 
cooling cycle was completed at each level before 
proceeding to the next lower pressure. The properties 
measured at each pressure and temperature were: (1) 
tangent Young's modulus, ET; (2) Poisson's ratio, u; 

(3) volumetric coefficient of thermal expansion, a,; and 
(4) linear coefficient of thermal expansion, aI' The 
details of this work have been reported by Myer and 
Rachiele (1982). 

Major trends in the thermal expansion behavior of 
intact Stripa granite are illustrated in Fig. 6. This 
figure presents summary curves for average values of 
the linear coefficient of thermal expansion, a,. Note 
the isobaric increase in the values of aI with increasing 
temperature; values at 20°C were 52-70% of those at 
180°C. The curves on this figure are nearly linear, 
indicating that the rate of increase in a, can be con- 
sidered constant over the range of temperatures experi- 
enced in the heater experiments. Pressure effects, on 
the other hand, were much less. At any given tempera- 
ture, increasing confining pressures from 2 to 55 MPa 
resulted in slight decreases in a/, from 5% to 10%. 
Essentially the same results were obtained for a,; the 
details can be found in Myer and Rachiele (1981). 
These results are consistent with those of Cooper and 
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Figure 6. Average values of the linear coefficient of thermal 
expansion as a function of temperature for several confining 
pressures. [XBL 837-108031 

Simmons (1977) and Heard and Page (1982). 
The laboratory results for the linear coefficient of 

thermal expansion have confirmed the nonlinearity in a, 
as deduced from the analysis of field data. At tempera- 
tures below 100°C and at hydrostatic stresses of about 
15 h4Pa (i.e., the approximate conditions in the rock 
mass immediately around the heaters), al is less than 
-1 1.1 X 104/"C, the value used in the predictive cal- 
culations for thermally induced displacements. How- 
ever, the values shown in Fig. 6 are still higher than 
those computed from an analysis of field data. As 
shown in Fig. 4, the field derived value of al is on the 
order of -5 X lO4/"C, whereas the laboratory result at 
comparable conditions of P and T is on the order of -8 
X 104/"C. This discrepancy between in situ and 
laboratory results may well be explained by the 
influence of crack closure on rock displacements. 

ERects of changes in hydrostatic stress on the tangent 
Young's modulus, ET,  are illustrated in Fig. 7. 
Because the moduli also varied as a function of devia- 
torial stress, all data have been referred to a common 
deviatorial stress of 60 MPa. Note the isothermal 
increases in ET; values at 2 MPa were between 75% 
and 87% of those at 55 MPa. The major part of this 
hydrostatic stress effect occurred when confining pres- 
sures were below 15 MPa. 

Results for Poisson's ratio, v, averaged about 0.22 
with some evidence of temperature dependence. When 
the confining pressure was 2 MPa, u decreased about 
26% over the temperature range used, whereas at 
55 MPa the decrease was about 13%. 
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Figure 7. Average values of tangent Young’s modulus as a 
function of confining pressure at 25°C and 175°C. All 
values obtained with deviatorial stress of 60 ma. [XBL 
8 18-64011 

DEVELOPMENT OF SPECIAL PURPOSE 
STRUCTURAL ANALYSIS PROGRAM- 
USAP 

The evaluation of nonlinear displacements and 
stresses within underground rock masses of arbitrary 
geometry subjected to thermomechanical loading can be 
estimated by a computer program based on the finite 
element method. Several existing computer programs 
for nonlinear analysis were evaluated for potential use 
in the correlation studies associated with the Stripa 
heater tests. Because of the unique nonlinear material 
properties and the requirements to evaluate stresses due 
to incremental excavation, it was not possible to use 
these programs directly without extensive modifications. 
In addition, most of the existing nonlinear analysis p r e  
grams were based on numerical and computer methods 
that were over 10 years old and were on the verge of 
obsolescence. Therefore, it was decided to extend a 
new computer program, SAP-80, to satisfy the special 
requirements of the Stripa project. 

The SAP-80 Program 

The recently developed SAP80 computer program 
(Wilson, 1980) is based on modern computational tech- 
niques and contains the modularity and flexibility that 
allow modifications to be rapidly incorporated and 
verified. Listed below are some of its mast important 
options: 

1. All program segments interact with a common 
file data base. Therefore, pre- and post-processors are 
integral parts of the program. Also, restart capability is 
built into the program. 

2. 

3. 

Extensive mesh generation and three-dimensional 
mesh plotting are possible. 

The data input files are of a unique free format 
and are designed to be prepared on interaction com- 
puter terminals or by the traditional card format. 

4. The equation solver is of the blocked profile type, 
and the program contains an automatic profile minimi- 
zation routine. 

5. Multilevel substructure (or super-element) 
options are incorporated into the program and are easily 
activated. 

6. Isoparametric plane or axisymmetric elements 
with three to nine nodes have been included in the prcl 
gram. 

7. The program has been designed to operate 
effectively on modern super minicomputers. 

Development of USAP 

The development of the Underground Structural 
Analysis Program, USAP, is a special version of the 
SAP80 program. To date, approximately one man-year 
has been devoted to USAP. A twedimensional version 
of the program has been developed and tested. The fol- 
lowing options have now been verified: 

1. Realistic temperature-dependent nonlinear mate- 
rial properties have been incorporated into the program, 
and the solution at each point in time is obtained by 
iteration. 

2. Each element has a “birth” and “death” time. 
Therefore, stresses at different stages of excavation or 
construction can be obtained. 

3. The substructure (or super-element) option 
allows areas of the mesh representing the surrounding 
rock mass that are far removed from the high-stress 
regions to be modeled by elastic substructures in which 
all the unknowns are eliminated within these substruc- 
tures. As a result, only a limited number of elements 
are required in the iterative nonlinear analysis (see Fig. 

4. Geometric constraints that have been added to 
the program allow coarse and fine meshes to be merged 
without the use of triangular elements. Therefore, a 
consistently higher level of accuracy is obtained (see 
Fig. 8A). 

Before this study was terminated, work had begun on 
the development of a three-dimensional element (4  to 
27 nodes) with temperature-dependent nonlinear proper- 
ties. This effort is about half completed, and work was 

8.1 
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A. NON-LINEAR MODEL 

8. FAR FIELD SUBSTRUCTURE MODEL 

Figure 8. USAP mesh showing nonlinear finite element 
model A for the mined openings surrounded by a condensed 
elastic substructure model B representing the surrounding 
rock mass in the far field. Note arbitrary location of mesh 
refinement within nonlinear model. [XBL 837-108041 

also initiated on the development of a general three- 
dimensional mesh generation program for underground 
structures with openings of arbitrary geometric shape. 

It has been demonstrated that USAP is not only an 
effective program for the correlation studies associated 
with the Stripa project but also has the potential to be 
used effectively in far more general problems associated 
with the underground storage of nuclear waste. The 
options of temperature-dependent nonlinear materials, 
consideration of incremental excavation and construe 
tion sequences, multilevel substructures, large capacity, 
and efficient numerical methods make USAP a unique 
finite element program that has been specifically 
developed for the analysis of underground structures. 
However, significant work is still required to document 
the use of the program and to add full three- 
dimensional analysis capability. 
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NUCLEAR WMTE ISOLATION IN THE 
UNSATURATED ZONE OF ARID REGIONS 

H.A. Wollenberg, J.S. Y. Wang, and G. Korbin* 

The vadose zone-that region lying between the sur- 
face and the water table-is well developed in arid and 
semiarid regions. In arid regions the vadose zone may 
be several hundred meters thick, whereas in areas of 
higher precipitation it may be nonexistent or only a few 
meters thick. In the vadose zone, where neither the 
pore spaces between grains nor the fractures in hard 
rock are saturated with groundwater, there would be a 
long hydraulic flow path between the nuclear waste 
repository and the saturated regime beneath the water 
table-thus a long, time-consuming pathway for 
radionuclides to be transported ultimately to the b i e  
sphere. Primarily in this respect, the vadose zone in 
arid regions is considered as a possible environment for 
geologic isolation of nuclear waste. An assessment of 
the attributes of the vadose zone for waste isolation was 
the subject of a report by Wollenberg et al. (1983). 

There are several topographic and lithologic combina- 
tions in the vadose zone of arid regions that may lend 
themselves to waste isolation oonsiderations. In some 
cases, topographic highs, such as mesas and interbasin 
ranges composed of several rock types, may exhibit 
essentially dry or partially saturated conditions favor- 
able for isolation. The adjacent basins, especially in 
the far western and southwestern U.S., may have no 
surface or subsurface hydrologic connections with sys- 
tems ultimately leading to the ocean. Some rock types 
may have the favorable characteristics of very low per- 
meability and contain appropriate minerals for the 
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strong chemical retardation of radionuclides. Environ- 
ments exhibiting these hydrologic and geochemical 
attributes are the areas underlain by tuffaceous rocks, 
relatively common in the Basin and Range geomorphic 
province. Adjacent valley areas, where tuffaceous 
debris makes up a significant component of valley fill 
alluvium, may also contain thick zones of unsaturated 
material, and as such also lend themselves to strong 
consideration as repository environments. The distribu- 
tion of tuffaceous. highlands and adjacent alluvial val- 
leys in the northwestern Basin and Range province is 
shown in Fig. 1. 

I 

UTAH 

Figure 1. The northwestern portion of the Basin and Range 
province, showing highland areas that contain tuffaceous 
rocks. Valleys with appreciable components of tuffaceous 
alluvium lie between these highlands. [XBL 81 12-48981 
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GEOTECHNICAL CHARACTERISTICS 
The unsaturated zone in alluvium-filled valleys of the 

Basin and Range province possesses several characteris- 
tics that would help inhibit the migration of radionu- 
clides from discrete sites into and through the hydrole 
gic system: (1) the flux of moisture into and through 
the alluvium is extremely low; (2) the components of 
the alluvium at specific locations favor the sorption of 
radionuclides should they escape from waste canisters; 
(3) at some locations the alluvium is underlain by 
tuffaceous rock above the water table, which also pro- 
vides a lower-permeability, sorptive barrier to downward 
migration of radionuclides (this is illustrated in an 
idealized geologic cross section in Fig. 2); (4) the 
thickness of the alluvium exceeds 1000 m at many 
localities, and the thickness of the vadose zone exceeds 
500 m These characteristics, together with the pres- 
ence of a tuff aquitard below the alluvium, provide a 
substantial hydrologic flow path between a repository at 
a depth of a few hundred meters and the underlying 
saturated zone. 

Several of the advantages of waste isolation in the 
vadose zone of alluvium also pertain to isolation in 
tuffaceous rock-low moisture flux, high sorptive capa- 
city, and substantial thickness of rock above the water 
table. Specific to tuff is the attribute of having com- 
petent rock units sandwiched between less competent 
but highly sorptive zeolitized units. The competent 
units are amenable to machine mining and require little 
ground support in underground workings. 

THERMAL RESPONSE 
A principal concern of waste isolation in the unsa- 

turated zone is the response of the host rock to heating. 
For a given waste form and thermal loading, the max- 
imum temperature rise in the plane of a repository due 
to the introduction of the waste varies approximately 
with l / G ,  where K is the rock's thermal conduc- 
tivity, p its density, and c its specific heat (Wang and 
Tsang, 1983). The thermal conductivity of alluvium 
covers a large range, as shown in Fig. 3, and depends 
strongly on the degree of saturation. The influence of 
thermal conductivity on repository temperature increase 
has been calculated using procedures developed by 
Wang et al. (1981) and is illustrated in Fig. 3. Calcu- 
lations were based on a repository depth of 150 m, an 
area of 2000 acres (radius 1605 m), and a thermal load- 
ing of 40 kW/acre with 1Gyear-old spent fuel. The 
range of thermal conductivities shown is that which 

+ -Ikm -+ 

Figure 2. Schematic geologic cross section through an 
idealized Basin and Range valley, showing alluvium (Qal), 
overlying tuff (Tt), and Paleozoic carbonate rock (Pzc), with 
the water table at depth in the Paleozoic rock (after Wino- 
grad, 1981). [XBL 821-1621] 

could be expected for dry, poorly indurated alluvium 
(0.5 W/m-"C) to saturated, indurated alluvium 
(1.5 W/m-"C). Peak repository temperature increases 
are 130°C and 75"C, respectively, and occur 58 years 
after emplacement of the waste package. These max- 
imum temperatures are an average for the repository as 
a whole; the actual maximum local temperature will 
strongly depend on the emplacement geometry and the 
thermal loading of each canister. 

Calculations similar to those for alluvium have been 
made for the thermal response of a repository in tuff. 
The influence of thermal conductivity on repository 
temperature increase has been calculated on the basis of 
a repository depth of 800 m, an area of 2000 acres 
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Figure 3. Effects of thermal conductivity on alluvial reposi- 
tory temperature, spent fuel, 10 years out of the reactor. 
[XBL 825-1391] 
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Figure 4. Effects of thermal conductivities on tuff reposi- 
tory temperature, spent fuel, 10 years out of the reactor. 
[XBL 8112-48881 

(radius of 1605 m), and a thermal loading of 40 
kW/acre with 10-year-old spent fuel. The curves are 
shown in Fig. 4. For a conductivity of 0.9 W/m"C, 
representative of a dry, nonwelded tuff and 2.7 
W/m-"C for a saturated welded tuff, the increases in 
temperature are 87°C and 51"C, respectively. These 
maxima occur 58 years after emplacement of the waste 
and, as for alluvium, are average temperatures for the 
repository. 

Comparison of Figs. 3 and 4 reveals the significant 
difference in predicted repository thermal responses for 
underground waste disposal in tuff and alluvium. This 
difference is not only related to the relatively higher 
thermal conductivity of tuff as compared to alluvium, 
but also the higher density of tuff. In both cases the 
maximum temperatures occur at approximately the 
same time. 

ADVANTAGES AND CONCERNS OF 
WASTE ISOLATION IN THE 
UNSATURATED AND SATURATED 
ZONES 

In comparing the attributes of waste isolation in the 
unsaturated zone of arid regions and saturated hydrolo- 

gic regimes, major advantages and concerns are clearly 
identifiable in the consideration of radionuclide tran- 
sport, thermal effects, and potential for human intru- 
sion. These are summarized in Table 1. Given 
appropriate study, similar comparisons of advantages 
and concerns of unsaturated and saturated regimes may 
be made for the consideration of the effects on the 
waste form and on its surrounding canister and over- 
pack material. Considerations would include the effect 
of saturated and unsaturated conditions at repository 
temperature and pressure on corrosion of the canisters, 
on the leaching of waste forms, and on the mechanical 
and hydrologic integrity of overpack and backfill 
material. 

It is concluded that the unsaturated zones in allu- 
vium or tuffaceous rocks of the Basin and Range pro- 
vince are strong candidate environments for considera- 
tion as sites for nuclear waste repositories, and as such 
should be investigated as comprehensively as the other 
geologic settings presently being considered. 
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Table 1. Major advantages and concerns of waste isolation in unsaturated and saturated regimes. 

Major advantages Major concerns 

Thermal eflects 
Unsaturated zone in arid regions: Relatively shallow 
emplacement of waste will result in lower repository 
temperature earlier in the life of the repository com- 
pared to deeper burial in a given medium. Diffusion of 
water vapor in response to heating may result in bulk 
thermal conductivity comparable to that of saturated 
material. 

Saturated zone: Mechanical and hydrologic responses of 
saturated (or nearly saturated) media to heating are becoming 
better understood as experiments progress in various rock 
types. 

Transport of radionuclides 
Unsaturated zone in arid regions: Repository not in 
direct contact with groundwater regime; wastes would 
remain hydrologically isolated as long as partially 
saturated conditions pertained. 
Saturated zone: 
radionuclides to the accessible environment. Mechanisms 
of transport of radionuclides in saturated rocks are 
presently better understood than are transport mecha- 
nisms in the unsaturated zone. 

Deep burial affords long pathways for 

Potential for human intrusion 
Unsaturated zone in arid regions: 
tion density; little potential conflict with future 
utilization of groundwater resources. 
Saturated zone: 
human intrusion. 

Generally low popula- 

Deep burial decreases likelihood of 

At relatively low temperatures, bulk thermal con- 
ductivity will depend on degree of saturation. 
Variations in thermal conductivity will control 
maximum temperature rise experienced in a reposi- 
tory for a given waste form and thermal loading. 
Data on thermal expansion of unsaturated media are 
scarce. Formation of vapor phase in response to 
heating may lead to a twephase convective system; 
its ramifications for radionuclide transport are 
not well understood. 

Potential exists for formation of convective cells 
in the hydrologic system of saturated media in 
response to heating. 

Difficulty in predictive modeling of mechanisms of 
transport and pathways of radionuclides in unsatu- 
rated regimes. Degree of saturation may vary. 

Direct contact of the repository with the ground- 
water regime that could transport radionuclides to 
the accessible environment. 

Relatively shallow emplacement of waste compared 
with deep burial below water table. 

Possible future development of groundwater 
resources in the vicinity of the repository. 
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APPENDIX A: ABSTRACTS OF JOURNAL ARTICLES 

Bcnson. L V., and Teague, L S., 1982 Bodvarsson, G. S., and Tsang, C. F., 1982 
Dagenesis of h a l t s  from the Pasco h i n .  Warhingtoa 1. Dstribution 
and Composition of Secondary Mineral P h c s  
Journal of Sedimentary Petrology, v. 52, no. 2, p. 595613 (LBL12433) 

Injection and Thermal Breakthrough in Fractured Geothermal Reservoirs 
Journal of Gcophysical Research, v. 87, no. B2, p. 1031-1048 (LBL12698) 

The principal components of secondary mineral assemblages found in Wsa, 
Basin basalts are iron-rich smectite (nontronite). clinoptildite. and silica 
Silica occurs as quartz, cristobalite, tridymite, and opal-". Extractable iron 
within the nontronite suggests the presence of an iron-bearing oxyhydmxide 
phasc intercalated with the nontronite. Other components prcscnt in minor or 
trace amounts are mordenite, ccladonite. apatite, pyrite, phillipite, gypsum. 
crionite, and chabazite. The generalized precipitation sequence with time 
and/or depth was found to be clay (usually nontronite) + clinoptilolite + silica 
and/or clay. Nontronite, the first phasc to form, is present at nearly all 
sampled depths. Clinoptilolite is apparently restricted to depths below about 
350 m Quartz is ubiquitous whereas opal and cristobalite appear to he 
abundant only below 600 m. Mordenite occurs only at de* below about 900 
m, which correlates roughly with the first Occumnce of dissolutiobctcbcd 
clinoptilolite. Thcsc observations as well as comparisons with data on 
sccondary mineral assemblages from other basaltic and felsic s y s t e m  suggest 
that the geochemical evolution of Pam Basin basalts probably oecurreed under 
conditions similar to those existing today. 

In this study, the problem of cold water injection into a fractured 
geothermal reservoir is considered. During injection, the cold water will 
advance along the fractures, gradually extract heat from the adjacent rock 
matrix, and eventually arrive at the production wells. If the injected water has 
not fully heated (up) by then, detrimntal effects on energy production from 
decreasing fluid enthalpies may result. This indicates the need to establish 
criteria for deaiping an injection/production scheme for fractured geothermal 
rrsmoirs. The modcl considered in this work consists of an injection well fully 
penetrating a fractured geothmnal reservoir containing equally spaced 
horizontal fractures. A constant-temperature liquid water is injected into the 
fractures, and with the rock matrix assumed to be impermeable, the effect of 
heat conduction on the advancement of the "cold" water along the fractures is 
observed. Key dimensionless parameters that describe the physical system are 
identified and type curves are generated. These are intended to be used in the 
h i p  of injdon/production system, mainly for determining the appropriate 
locations and the flow rata of the injection wells. Also, temperature contour 
m a p  are given, and these can be used to estimate the amount of recoverable 
energy from the geothermal system, bascd on a given injection/production 
schune. Numerical studies are also made to investigate the importance of the 
(u1sumptions in the analytical work and to extend the work to cases where the 
rock matrix is ocrmcable. The results uc intended to be used as a constraint 

Bodvarsson, G. S., Benson, S. M., and Witherspoon, P. A, 1982 
Throry of the &ve!opmW of Grotherma1 S Y S t ~ ~  *ged bY verriCal 
Faults 
Journal of Gcophysical Research, V. 87, no. BI1, P. 9317-9328 ( U L  
14061) 

on results cal&atcd using the type curves. Finally, two simple numerical 
a m p l a  using a bypolhetical doublet and the Cerro Rieto geologid model 
are given. In the doublet case. a reservoir with two to five fractures is 

A two-dimensional model of faultsharged hydrothermal system has been 
developed that considers the transient development of such systems including 
the effects of heat losses to the confining layers. The modcl can be uscd for 
theoretical studies of the development of faultcharged reservoirs. It can also 
be uscd to estimate the rate of recharge from the fault source and the time of 
evolution, using temperature data from wells. The modcl has bccn applied to 
the hydrothermal system at Susanville, California. A reasonable match with 
the areal temperature distribution in the primary aquifer and the temperature 
profiles of individual wells was obtained. This allowed an eatimate of the 
recharge rate from the fault into the hydrothermal system to be obpaiacd As 
the calculated recharge rate (9 X le m3/s m) into the Susanville 
hydrothermal system proved to be quite significant, a threefold increase in the 
potential of the Susanville hydrothermal anomaly for s p a  beating puposcs is 
predicted. 

Bodvarsson, G. S.. Rues, K, and Lippnann, M. J., 1982 
Improved Energy Recovery from ccorlrcrmcll Reservoirs 
Journal of Rtmleum Technology, v. 34, no. 9, p. 1920-1928 (LBL12341) 

Numerical simulation methods are used to study how the exploitation of 
different horizons affects the behavior of a liquid-dominatcd geothermal 
rcscrvoir. Our reservoir modcl is a scbcmatic representation of tbc Olkaria 
field in Kenya. The modcl consists of a two-phase vapor-dominated m e  
overlying the main liquiddominated reservoir. Four different cased m e  
studied, with fluid produced from (1) the vapor zone only, (2) the liquid zone 
only, (3) both zona, and (4) both zones, but assuming lower valua, for vertical 
permeability and porosity. The results indicate that production from tbc shallow 
two-phase zone, although resulting in high enthalpy fluids, may not be 
advantageous in the long run. Shallow production gives rise to a rather 
localized depletion of the rarcrvoir, wh- production from dccpcr horiuaur 
may yield a more uniform depletion procars, if vertical permability is 
sufficiently large. The exploitation from deeper zones causes boiling and 
subsequent uptlow of steam which condcnscs at shallow depths. This tends to 
make temperatures and prcasures mocc uniform throughout the Tc(ICTv0ir. 
resulting in maximum energy recovery. 

Brief consideration is given to the psibi l i ty  of achieving similar 
improvements in energy recovery from vapordominated reservoirs by producing 
from deeper horizons. This appears unlikely, but cannot be completely ruled 
out due to uncertainties about the characteristics of vapor-dominated system at 
depth. 
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considered, and breakthrough times of 13 and 65 years, respectively, are 
calculated. Using typical injection rate and the Cerro Rieto geological model, 
our calculations indicate that the thermal front will have advanced only 240 m 
away from the injection well after 30 years of injection. It is furthermore 
illustrated that this estimate is independent of fractures in the reservoirs. 

Bodvarsson. G. S., Vonder Haar, S., Wilt, M., and Tsang, C. F., 1982 
Preliminary Studies of the Reservoir Capacity and the Generating 
Potential of the h a  Geothermal Field. New Mexico 
Water Resources h c h ,  v. 18, no. 6, p. 1713-1723 (LBL10227) 

A %We geothermal power plant is being considered for the Baca site in 
the Valles Caldera, New Mexico, as a joint venture of the Department of 
Energy (DOE) and Union Oil Company of California. To date, over 20 wells 
have been drilled on the prospect, and the data from these wells indicate the 
presence of a high-temperature, liquiddominated reservoir. In this paper, data 
from tbc open literature on the physical characteristics of the field are used to 
estimate the amount of hot water in place (reservoir capacity) and the length of 
time the rrsmoir can supply sttam for a %MWe power plant (reservoir 
longevity). The nservoir capacity is estimated to be l0lz kg of hot fluid by 
vdumctric calculations using existing geological, geophysical. and well data. 
The criteria uscd are dcscribcd and the sensitivity of the results discussed. W e  
longevity of the field is studied using a two-phase numerical simulator 
(SHAFl79). A number of cased are simulated based upon different boundary 
conditions and upon injection and production criteria. The results obtained 
from the simulation studies indicate that it is questionable that the Baca field 
can supply enough stcam for a %We power plant for 30 years. Although the 
estimated nservoir reserves greatly exceed those nceded for a 50-MWG power 
plant, the low transmissivity of the reservoir would caw localized boiling and 
rapid pressure decline during exploitation. It is therefore apparent that the 
conventional zerodimensional (lumped parameter models) cannot be used to 
evaluate the generating capacities of low-permeability fields such as the Baca 
field. 

Bungc, A L, and Radkc, C. J.. 1982 
Migration of Alkaline Pulses in Reservoir Sands 
Society of Petroleum Engineers Journal, v. 22, no. 6, p. 998-1012, SPE 
Paper 10288 (LBL16624) 

Establishing the amount of alkali loss by rock reactions is critical because 
successful application of most alkaline flooding techniques requires that 



hydroxide propagate through a large portion of the reservoir. This paper 
prcscnts a mathematical analysis of the chromatographic movement of alkaline 
pullla, when they are scaled to reservoir flow rates and distances. Using only 
this analysis and laboratory data, we show how to estimate the distance an 
alkaline pulse traverses under field conditions before its concentration 
diminishes to ineffective levels. 

Laboratory core tests and X-ray analyses identify the various mineral 
reactions and their rates. For clayey sands a fast, reversible, sodium/hydrogen 
ion exchange retards alkali concentration velocities. Fine silica and quartz are 
suggested as important dissolving minerals, with slower-dissolving clays and 
clay minerals releasing soluble aluminum, which may redeposit with soluble 
silica aa new aluminasilicate minerals. While new mineral formation influences 
the aqueous aluminum and silica concentrations, hydroxide consumption 
appears to be controlled mainly by the dissolution reaction. First-order kinetics 
most clasely reprcscnt the dissolution behavior; lumped-parameter rate 
wnstants are reported for Huntington Beach and Wilmington sands and for a 
&rea sandstone. 

Cham&, P. L, Zavoshy, S. J.. and Pigford, T. H., 1982 
Solubility-Limited Fractional Dissolution Rate of Yitrifed Waste in 
Groundwater 
Transactions of the American Nuclear Society, v. 43, p. 111-112 (LBL 
14732) 

Waste glass emplaced in wet-rock repositories will eventually be exposed to 
groundwater. There are many experimental results of glass dissolution by 
water, but tbcse data cannot be extrapolated in a meaningful way to the waste 
glass emplaccd in a repository. It has been suggested that laboratory leach data 
can be extrapolated to a repository environment on the basis of a ratio of waste 
surface area to the volume of water. But what is not known is this surface-te 
v d u m  ratio of waste emplaccd in a repository. To overcome this difficulty, a 
theoretical model based on solubility-limited dissolution is developed. 

Cocn. S., 1982 
The Inverse Problem of the Lknsity and Bulk Modulus Profiles of a 
Layered Fluid 
Bulletin of the Seismological Society of America, v. 72, no. 3, p. 809-820 

It is shown that the density and bulk modulus profiles of a layered fluid 
half-space arc uniquely determined from the vertical component of the particle 
velocity on the surface due to an impulsive point source on the surface. In 
addition, an estimate of the highest acoustic wave velocity in the layered half- 
space is required as well. The ncassary conditions for the existence of the 
solution arc discusscd and a direct (noniterative). inversion algorithm is 
developed which constructs the density and bulk modulus profiles of the half- 
space from the surface data. The main limitations of this theory to real seismic 
data are briefly discussed. 

Cocn, S., 1982 
Velocity and Density Profires of a Layered Acoustic Medium from 
Cbmmon Source-Point h t a  
Geophysics, v. 47, no. 6, p. 898-905 

An inverse scattering theory is presented for the unique reconstruction of the 
density and velocity profiles of a layered acoustic half-space fmm common 
sourcapoint surface data. Thc point source is either impulsive or is capable of 
vibrating at two arbitrary frequencies. An additional datum for the unique 
nconstruction of thcsc profiles is an estimate of either the highest or lowest 
velocity within the inhomogeneous acoustic half-space. Two direct 
(noniterative) inversion algorithm are developed which construct the density 
and velocity profile of the inhomogeneous half-space from these data. 
Analytical examples are presented in which all steps in the inversion algorithms 
are analytically determined. Finally, the paper discusses the potential 
application of the theory to real seismic data. 

coolr, N. G. W., 1982. 
Ground- Water Problem in Wn-Pit  and Underground Mines 
Geological Society of America Special Paper No. 189, p. 397-405 (LBL 
11882) 

Ground water constitutes a significant operational problem and potential 
hazard in open-pit and underground mining. The pressure of ground water in 
geologic discontinuities adversely affects the safety of height and slope angles 
of open-pit mines, justifying measures to reduce ground-water pressures in their 
vicinity. Thc principal hazard in underground mining and tunneling arises 
from massive inflows of ground water when the mine unexpcctedly intersects 
large, water-bearing geologic discontinuities; normal inflows are on the order of 
2.5 tons of water per ton of rock mined. In tunneling, pilot drilling ahead of 
the advancing face is used to detect such discontinuities, which can then be 
sealed by ring drilling and cover grouting. Extensive deformations resulting 
from large areas of unsupportcd roof make such grouting ineffective in many 
excavations. 

Surprisingly few data are available with which to calculate the permeability 
of rock masses at depth. Two sets of data quoted yielded permeabilities of 0.8 
X IW9 m/s for tunnels, and 1.6 X 1od  m/s for mined excavations, at a depth 
of about 1.5 km below surface and before the permeability of the rock mass is 
enhanced by deformations induced by mining. The difference between these 
values may be attributed to local reductions in the permeability of the rock 
mass by the grouting of major discontinuities in tunneling, which is not done 
ordinarily in mining. 

Where precautions such as regional dewatering, installation of watertight 
bulkheads, and adequate spare pumping capacity are not sufficient to cope with 
potential inflows in mining, the extent of the unsupportcd roof in mines must be 
broken by regularly spaced pillars, so that pilot drilling and cover grouting can 
be done. 

Dc Zahla,  E. F., Vislocky, J. M., Rubin, E., and Radke, C. J., 1982 
A Chemical Theory for Linear Alkaline Flooding 
Society of Petroleum Engineers Journal, v. 22, no. 2, p. 245-258, SPE 
Paper 8997 

A simple quilibrium chemical model is presented for continuous. linear, 
alkaline waterflooding of acid oils. The unique feature of the theory is that the 
chemistry of the acid hydrolysis to produce surfactants is included, but only for 
a single acid spccies. The in-situ produced surfactant is presumed to alter the 
oil/water fractional flow curves depending on its local concentration. Alkali 
adsorption lag is accounted for by base ion exchange with the reservoir rock 
The effect of varying acid number, mobility ratio, and injected pH is 
investigated for secondary and tertiary alkaline flooding. 

Since the surface-active agent is produced in situ, a continuous alkaline 
flood behaves similar to a displacement with a surfactant pulse. This 
surfactant-pulse behavior strands othenvise mobile oil. It also leads to delayed 
and reduced enhanced oil ncovery for adverse mobility ratios, especially in the 
tertiary modc. Caustic ion exchange significantly delays enhanced oil 
production at low injected pH. 

New, experimental tertiary caustic displacements are presented for Ranger- 
zone oil in Wilmington sands. Tertiary oil recovery is observed once mobility 
control is established. Qualitative agreement is found between the chemical 
displacement model and the experimental displacement results. 

Doughty, C., Hellstrom, G., Tsang, C. F, and Claesson, J., 1982 
A Dimensionless Parameter Approach to the Thermal Behavior of an 
Aquger Thermal Energy Storage System 
Water Resources Research, v. 18, no. 3, p. 571-587 (LBLI 1029) 

To predict the performance of an aquifer thermal energy storage system, an 
understanding of the system's hydrothermal behavior is needed. One possibility 
is to run a detailed numerical simulation of the system. However, for a single- 
well system in which fluid flow is limited to steady radial flow, a 
characterization scheme b a d  on a set of four dimensionless parameter groups 
allows production temperatures and energy rccovery factors to be read from 
graphs. The assumption of radial fluid flow is valid when buoyancy flow can be 
neglected and a well is fully screened in a horizontal aquifer which is confined 
above and below by impermeable layers. Criteria for little buoyancy flow 
include a low permeability or vertically stratified aquifer, a small temperature 
difference between injected and ambient water, and short cycle length. The 
basic energy transport quations for the aquifer-confining layer system with 
steady radial fluid flow in the aquifer are nondimcnsionalized to derive the key 
parameter group. Next a numerical model which calculatca the heat transfer 
in the aquifer and confining layers for an injection-storage-production cycle is 
run for a range of values of these groups. The calculated production 
temperatures and energy rccovery factors are then presented graphically as a 
function of the parameter group. Comparisons between results of field 
experiments and rccovery factors read from the graphs show good agreement. 

hbois ,  A, 1981 
Factors in the Design and Manufacture of Large High-Pressure and 
High-Temperature Triaxial Crlls 
Geophysical Research Letters, v. 8, no. 4, p. 683-686 (LBL13926) 

Factors important to the design of vessels for testing the physical and 
hydraulic properties of rock samples of the order of one meter diameter by 
three meters long are discusscd. The stored energy of water and nitrogen gas 
pressurized at 60 MPa and ZOO'C are shown to be comparable. Some 
constraints imposcd by heating needs, vessel material selection, cell geometry, 
materials handling, and safety are reviewed. 

Fujita, A, Chamb&, P. L., and Pigford, T. H., 1982 
Cumulative Release of Radionuclide Chains from a Geologic Repository 
Transactions of the American Nuclear Society, v. 40, p. 58-59 (LBL 
13923) 

Egan has presented results of U. S. Environmental Protection Agency 
(EPA) calculations of 10,OIByr cumulative releasc of radionuclides from a 
conceptual repository containing l00,OOO tons of unreprocessed spent fuel, and 
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he has described possible cumulative activity release limits based on these 
calculations. The EF’A calculations were limited to nuclides that could be 
treated as the first member of a decay chain, so radium 226 was not included. 
Here, wc extend the EPA calculational technique to include releascs from decay 
chains of arbitrary length, and we apply these new analytical solutions to 
predict the cumulative release of radium 226 for the EPA conceptual repository. 
We compare the cumulative releases calculated for radium 226 and other 
radionuclides with the 10,000-yr release limits suggested by Egan. 

Fujita, A, Chambr;, P. L.. and Pigford. T. H., 1982 
Efect of Solubility-Limited Dissolution on the Migration of Radionuclide 
Chains 
Transactions of the American Nuclear Society. v. 43, no. 64. p. 64-66 
(LBL 1473 1) 

Pigford et al. have presented the analytical solution for transport of a parent 
nuclide, such as plutonium, uranium and neptunium, with limited solubility in 
groundwater. It was pointed out that neglect of the effect of solubility limits 
leads to an overestimate of the maximum concentration of the radionuclides. 
The solubility-limited migration of the daughter nuclide was studied next and it 
was shown that the solability limit decreases its maximum concentration 
comparable to that of the mother nuclide. In the following, wc generalize the 
analysis to the spacbtimc-dependent concentrations of the daughter nuclides in 
a multimember decay chain in groundwater, with the mother nuclide exhibiting 
solubility-limited dissolution. 

Goldstein, N. E., Mozley, E, and Wilt, M.. 1982 
Interpretation of Shallow Electrical Features from Electromcrgnrtic and 
Magnetotelluric Surveys at Mount Hood. (kcgon 
Journal of Geophysical Research, v. 87, no. 84, p. 2815-2828 (LBL11212) 

A magnetotelluric survey, with reference magnetometer for noise 
cancellation, was conducted at accessible locations around Mt. Hood, Oregon. 
Thirty-eight tensor magnetotelluric (MT) and remote telluric stations were set 
up in clusters around the volcano, except for the northwest quadrant, a 
wilderness area. Becausc of limited access. station locations were restricted to 
elevations below 1829 m, or no closer than 5 Irm from the 3,424-m summit. On 
the basis of the MT results, three areas were later investigated in more detail 
using a largemoment, controlled-source electromagnetic (EM) system 
developed at Lawrence Berkeley Laboratory (LBL) and the University of 
California at Berkeley. Onadimensional interpretations of EM and MT data 
on the northcast flank of the mountain near the Cloud Cap eruptive center and 
on the south flank near Timberline Lodge show a similar subsurface resistivity 
pattern: a resistive surface layer 400-700 m thick, underlain by a conductive 
layer with variable thickness and resistivity of < 20 o h m m  It is speculated 
that the surface layer consists of volcanics partially saturated with cold 
meteoric water. The underlying conductive zone is pnsumed to be volcanica 
saturated with water heated within the region of the central conduit and, 
possibly, at the Cloud Cap side vent. This hypothesis is supported by the 
existence of warm springs at the base of the mountain, most notably Swim 
Warm Springs on the south flank, and by several geothermal test wells. one of 
which penetrates the conductor south of Timberline Lodge. The MT data 
typically gave a shallower depth to the conductive zone than did the EM data. 
This is attributed, in part, to the error inherent in one-dimcnsional MT 
interpretations of geologically or topographically complex areas. On the other 
hand, MT was better for resolving the thickncas of the conductive layer and 
deeper structure. The MT data show evidence for a moderately conductive 
north-south structure on the south Rank below the Timberline Lodge and for a 
brcad zone of late Tertiary intrusives concealed on the southeast flank 

Goyal, K P., and Narasimhan, T. N., 1981 
Heat and Mass Transfer in a Fault-cbnrrolled Geothermal Reservoir 
Charged at Gnstant Pressure 
Journal of Geophysical Research, v. 87, no. B10, p. 8581-8590 (LBL 
1 1802) 

A twedimensional mathematical model of a fault-controlled geothermal 
reservoir has been developed. Heated lighter water, rising in the fault, is 
assumed to charge a reservoir which, in turn, is overlain by a thin, 
impermeable, thermally conducting cap rock The mass flow rate or the 
pressure associated with the charging proass at the fault inlet is unknown and 
can only be estimated. Thus in this paper the pressure in the fault at the 
bottom of the reservoir is assumed to k pcribcd. Quasi-analytic solutions 
for the velocity, pressure. and temperature arc obtained in tbe fault-reservoir 
system for a high Rayleigh number flow. In this approximation, the upmlling 
fluid does not cool off appreciably until it reaches the cold upper boundary of 
the reservoir and encounters conductive heat loss. This thermal boundary 
layer, which is thin at the top of the fault, grows outward laterally and occupies 
the full thickness of the aquifer far away from the fault. The mathematical 
model is bascd on the flow of liquid water in a saturated porous medium. The 
solution techniques involve the combination of perturbation methods, boundary 
layer theory, and numerical methods. The analysis of this generic model can 

be applied to liquiddominated geothermal system where the thickness of the 
impermeable cap ruck is very small compared to the depth of the reservoir. 

Hoversten. G. M., Dey, A. and Morrison, H. F.. 1982 
Gmparison of Five Least-Squares Inversion Techniques in Resistivity 
Sounding 
Geophysical Prospecting, v. 30, p. 688-715 

A brief history of the development of the inverse problem in resistivity 
sounding is presented with the development of the equations governing the 
lcast-squarcs inverse. Five algorithms for finding the minimum of the least- 
square problem are described and their speed of convergence is compared on 
data from two planar earth models. CM the five algorithms studied, the ridge- 
regression algorithm required the fewest numbers of forward problem 
evaluations to reach a desired minimum. 

Solution space statistics, including (1) parameter-standard errors. (2) 
parameter correlation cocflicients, (3) model parameter eigenvectors, and (4) 
data eigenvectors are discussed. The type of weighting applied to the data 
affects these statistical paramters. Weighting the data by taking loglo of the 
observed and calculated values is comparable to weighting by the inverse of a 
constant data mor.  The most reliable parameter standard errors are obtained 
by weighting by the inverse of observed data errors. All other solution 
statistics, such as data-parameter eigenvector pairs, have more physical 
significance when invcrsc data error weighting is used. 

Hoversten, G. M., and Morrison, H. F., 1982 
Transient Fieldr of a Currenr Lmp Source Above a Luyered Earth 
Geophysics, v. 47. no. 7, p. 1068-1077 (LBL11548) 

Thc electric field induced within four layered models by a repetitive current 
wave form in a circular loop transmitter is presented along with the resulting 
magnetic fields observed on the surface. The behavior of the induced electric 
field as a function of time explains the observed sign reversal of the vertical 
magnetic field on the surface. In addition, the differences between magnetic 
field rrspons*r for different models are explained by the behavior of the induced 
electric fields. The pattern of the induced electric field is shown to be that of a 
single “smoke ring,” as described by Nabighian (1979). which is distorted by 
layering but which remains a single ring system rather than forming separate 
smoke rings in each layer. 

Javandel, I., 1982 
Analytical Solutions in Subsurface Fluid Flow 
Geological Society of America Special Paper No. 189, p. 223-235 (LBL 
1 1879) 

Thc most commonly used analytical methods for solving ground-water 
problem are reviewed here. A simple example follows each method, 
illustrating its application. Literature cited indicates typical cases in which the 
method has been applied. Details of the methods and their rigorous analyses 
arc not discussed here. The particular property of each method that is of 
considerable importance in solving the ground-water problems is emphasized. 

Kanki, T.. Chambrc, P. L, Pigford, T. H., 1981 
Hydrogeologic Trampert of &cay &ins with Nonequilibrium Chemical 
Species 
Transactions of the American Nuclear Society. v. 39. p. 356-357 (LBL 
13095) 

We haw presented elsewhere the general solution for the hydrogeologic 
transport of radionuclides in a decay chain of arbitrary length, in a one- 
dimensional flow field, with local sorption equilibrium, and with a single 
chemical species for each radionuclide in the liquid or solid phases. Many of 
the important radionuclides, particularly the actinides, can exist as more than 
one chemical species in a given phase. We have shown that by appropriate 
transformations of specicedependent equilibrium and sorption constants our 
general solutions are applicable to multiple species if there is local chemical 
equilibrium between species. Dcpending upon the reaction rates between 
species, there is a possibility that local equilibrium between species in a given 
phase Qcs not exist. This may be particularly important in laboratory 
experiments and in field tests of radionuclide transport. Here we present 
solutions for the transport of a radionuclide decay chain in which individual 
chemical species may not have reached local chemical equilibrium in a given 
Phase. 

Long, J. C. S.. Remer, J. S., Wilson, C. R,  and Witherspn,  P. A, 1982 
Porous Media Equivalents for Networks of Discontinuous Fractures 
Water Rcsources Research, v. 18, no. 3, p. 645-658 (LBL12874) 

Tbe theory of flow through fractured rock and homogeneous anisotropic 
porous media is uscd to determine when a fractured rock behaves as a 
continuum. A fractured rock can be said to behave like an equivalent porous 
medium when (1) there is an insignificant change in the value of the equivalent 
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permeability with a small addition or subtraction to the test volume and (2) an 
equivalent permeability tensor exists which predicts the correct flux when the 
direction of a constant gradient is changed. Field studies of fracture geometry 
are reviewed and a realistic, two-dimensional fracture system model is 
developed. The shape, size, orientation, and location of fractures in an 
impermeable matrix are random variables in the model. These variables are 
randomly distributed according to field data currently available in the 
literature. The fracture system models are subjected to simulated flow tests. 
The results of the flow tests are plotted as permeability 'ellipses.' The size and 
shape of these permeability ellipses show that fractured rock docs not always 
behave as a homogeneous, anisotropic porous medium with a symmetric 
pameability tensor. Fracture systems behave more like porous media when (1) 
fracture density is increased, (2) apertures are constant rather than distributed, 
(3) orientations are distributed rather than constant, and (4) larger sample 
sizes are tested. Preliminary results indicate the use of this new tool, when 
perfected, will greatly enhance our ability to analyze field data on fractured 
rock systems. The tool can be used to distinguish between fractured systems 
which can be treated as porous media and fractured systems which must be 
treated *s a c o l l d o n  of discrete fracture flow paths. 

Miller, C. W., and Bcnson, L V., 1983 
Simulation of Solute Transport in a CAem'cally Reactive Heterogeneous 
System Model Development and Application 
Water Resources Research, v. 19, no. 2, p. 381-391 (LBL-13828) 

The onedimensional transport of solutes in a saturated porous medium has 
bccn solved using a numerical model CHEMTRN. This model includes 
dispersion/diffusion, convection, sorption, formation of complexes in the 
aqueous phase, and the dissociation of water. In the mass action equations 
describing complexation and/or sorption processes, the activities of the species 
in the aqueous phase are approximated using an activity cocficient model of 
the aqueous solution. The activity of the sorbed phase was approximated with 
an ideal f ixing d e l .  A solubility constraint was used at the inner boundary. 
The model was applied to a study of the migration of contaminant chemical 
species in groundwater. In particular the propagation of strontium and its 
complexes was studied. The effects of sorption, complexation, and water 
dissociation were considered. Results show that surface site competition results 
in cases where low levels of contaminant can be transported at distances much 
greater than that predicted using a constant kD model. In addition, the pH 
level was buffered to a level of 10 near the waste form due to the incorporation 
of the sclubility constraint. For the particular case studied, the incorporation 
of aqucous complexation did not significantly enhance strontium mobility. 

McEvilly. T. V.. and Majer, E. L, 1982 
AYP: An Automated Seismic Processor for  hficroewthquake Networks 
Bulletin of the Seismological Society of America, v. 72, no. 1, p. 303-325 

ASP, a lowpower, in-field Automated Seismic Processor of microearthquake 
network data has bccn designed, fabricated, and deployed for initial operation 
in four different field areas to monitor seismicity assoCiated with two 
geothermal areas (The Geysers, California, and Ccrro Prieto, Mexico), a 
nuclear explosion with its related collapse and aftershock sequence, and late 
(>1 year) activity in a major aftershock series (Livermore, California). A 
second ASP system, with a high-speed front-end, is used in acoustic emission 
( 1  to 20 kHz) analysis for fracture monitoring. Each of the 15 c h a ~ e l s  of 
ASP (configured for up to 128 channels) automatically detects, measures times 
and amplitudes, and computes and fits FFI's for both the P and S waves on 
data sampled at 100 samples/sec. These data from each channel are then 
processed with a central microprocessor for hypocenter location, running b 
values, source parameters, event count, and P-wave polarities. ' h e  system is 
capable of processing a 15-station detection in approximately 40 stc, excluding 
printout. The initial trials have demonstrated that in-field real-time analysis of 
data maximizes the efficiency of microearthquake surveys allowing flexibility in 
experimental p d u r e s ,  with a minimum of the traditional labor-intensive 
postprocessing. Current efforts are directed toward improving efficiency of 
computation and data output and in expanding software capabilitits. 

McLaughlin, IC L., Johnson, L R,  and McEvilly, T. V., 1983 
WDimensionaI Avay  Measurements of New-Source Ground 
Accelerations. 
Bulletin of the Seismological Society of America, v. 73, no. 2, p. 349-375 

T-dimensional array measurements of near-source accelerations have been 
conducted 6 km from the 5.6 Mr explosion Colwick at Pahute Ma, Nevada 
Test Site. The threacomponent, ninastation array measured 400 m across with 
interstation spacing of 100 m Wavenumber spectra and beam forming 
(stacking) were used to measure apparent velocities and directions of 
propagation of acceleration waveforms. The robustness of individual station 
accrlerograms was measured with frequency-domain coherency estimates and 
cross-correlation functions. n e  dependence of interstation coherency upon 
station spacing and frequency band was also examined. 

Wave propagation in Pahute Mesa can be characterized by P S V  and SH 
wave motion in a horizontally homogeneous medium for frequencies below 5 
Hz. Strong incoherent scattered signals are present above 5 Hz on all 
components. The fraction of scattered energy can be estimated and treated as 
signal-generated noise. A strong SH pulse was observed to propagate aaoss 
the array. Measured phase velocity, arrival time, and direction of propagation 
require cogeneration of SH with P S V  energy by the explosion Colwick. 
Weaker and more diffuse transverse acceleration signals arrive coincident with 
the P wave and during the time prior to S.  These arrivals arc interpreted as 
forward-scattered energy from the P wave. The small array permitted a 
refinement of the horizontally averaged S-wave velocity model for Pahute 
Mesa. The Mesa is characterized by a low velocity layer, 600 m thick, above 
the water table with a steep velocity gradient immediately below. The 
coherency measurements indicate the upper 1 km or more of Pahute Mesa is 
heterogeneous at scale lengths less than 1 km. 

Mo, X, Carmichael, I. S. E., Rivers, M., and Stebbins, J., 1982. 
The Partial Molar Volume of FeF3 in Multicomponent Silicate Liquidc 
and the Pressure Dependence of Oxygen Fugacity in Magmas 
Mineralogical Magazine, v. 45, p. 237-245 (LBL13539) 

Lknsity measurements of eight silicate liquids containing substantial 
amounts of Fe203 have been made over a range of 250'C. These have t e n  
combined with published density measurements on multicomponent silicate 
liquids to yield (by multiple regression) partial molar volums of Si%, li 
AI2%! Fe203. FcO, MgO, CaO, Na20. and 60. The data on Fe2 4 
are neither precise nor abundant enough to show a compositional depc2:rof  

In a liquid of constant composition and temperature, the pressure dependence of 
the oxygen fugacity is given by 

P P 
F F 

1 I 

which, if AV is independent of pressure, necessitates an increase in f with 
increasing pressure of about 1 logjo unit for 10 kbars. 

Combining an equation relatrng oxygen fugacity to composition. T, and 
Fe203 at 1 bar (Sack et al.. 1980) with the results for partial molar volumes, 
the oxygen fugacity of any magma can be calculated as a function of P and T .  
If basic magmas have their Fe20j/Fe0 set in the source regions, and ascend 
isochemically, then the calculated oxygen fugacities in the mantle increase as 
pressure increases and silica activity decreases. A P-T grid has bccn 
constructed to show the calculated oxygen fugacities in a source region which 
has equilibrated with some common lava types, based on their FcO and F e 2 4  
contents. 

Narasimhan, T. N., 1983 

2 

Physics of Soturated-Unsaturated Subsurface Flow 
Gcological Society of America Special Paper No. 189, p. 3-23 (LBL 
11780) 

Shallow ground-water systems that communicate with the atmosphere are of 
great interest in the fields of hydrogeobgy. soil physics, and gcotechnical 
engineering. Under certain circumstances, such multiphase systems can be 
approximated as saturated-unsaturated complexes in which the prime focus is 
the water. In general, saturated-unsaturated porous media arc characterized by 
transient fluid motion in conjunction with deformation and desaturation 
phenomena. This paper identifies, to the extent of present knowledge. the 
observable physical parameters that characterize saturated-unsaturated systems, 
and places the parameters in mutual causceffect relationship. The paper then 
examines the adequacy of the conceptual framework for studying field 
problems. 

Narasimhan. T. N., 1982 
Numerical Modeling in Hydrology 
Geological Society of America Special Paper No. 189, p. 273-293 (LBL 
11784) 

The equation governing isothermal flow of water in deformable media is one 
of mass conservation. For an appropriately small volume element satisfying 
certain averaging criteria, the conservation equation help mnvert the rate of 
accumulation of mass to an equivalent, average t i d e r i v a t i v e  of the potential 
function. The goal of numerical modeling is to evaluate the rate of mass 
accumulation in the volume element by integration in space and t im .  In order 
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to carry out the integration, the flow region has to be partitioned and spatial 
gradients of potential evaluated. Dcpending on the procedure by which spatial 
partitioning is achieved and on the manner in which potential gradients are 
evaluated, different numerical schemes such as the integral finite difference 
method and the finite element method arise. These methods can lead to a set of 
either explicit or implicit discrctized quations. In setting up the equations, 
timadependent coefficients may be handled in either a quasi-linear or an 
iterative fashion. The final set of implicit quations. giving rise to a spame 
coefficient matrix, may be handled through direct solvers or through iterative 
solvers. Numerical models may be validated with the help of analytic solutions 
to partial differential quations or with experimental data. Based on set- 
thcoretic concepts, it is reasoned that numerical models possess far greater 
generality than merely providing analytic solutions to the partial differential 
quation. To derive the real benefit of numerical models, therefore, techniques 
should be developed to validate numerical solutions bascd on their own 

relying upon analytic solutions. Although 
nsccnd our ability to generate sophisticated 
scope for further rcscarch on numerical 

methods. Among new areas of research one could include: (a) incorporating 
the algebra of probabilistic distributions into existing deterministic models, and 
(b) developing new techniques to validate numerical models in their own right. 

Narasimhan, T. N., and Kanehiro, B. Y. ,  1983. 
A Reply to Comments by J. D. Bredehoeft and R L Cooley on 
on the Meaning of Storage Coegieient’’ 
Water Resources Research, in pres (LBL14676) 

A Note 

Narasimhan and Kanehiro published a paper in Water Rcsourccs Research 
in 1980 titled I‘ A Note on the Meaning of Storage Coefficient.” This paper 
discussed the physical significance of the storage mcficient. a parameter that is 
extensively used in groundwater literature. Recently, Bredehocft and Cooley, 
of the U. S. Gcological Survey, commented on the paper by Narasimhan and 
Kanehiro and r a i d  the issue of whether the transient groundwater flow 
quation as it is normally used in hydrogcology includes in itself the undraincd 
pore pressure response of a fluid-saturated porous medium. They praKnted a 
mathematical derivation to argue that the transient groundwater flow quation 
does in fact include the undrained pore pressure response. Narasimhan. 
replying to the arguments of Bredehocft and Cooley, has shown that the 
physical significance of the transient groundwater flow quation would bcmme 
obscured if one were to be persuaded by the Bdehocft-Cooley contention. 
Indeed if one accepts their arguments purely on mathematical grounds, then 
one could be led to infer that it is possible to determine the storage mcfiaent 
directly from an undrained experiment by dividing the observed dilatation by 
the observed pore pressure generation. This inference is erroneous. It hac been 
suggested in Narasimhan’s reply that in order to properly appreciate the 
differences between drained and undrained conditions, one has to treat the 
porous medium as a threevariable system and one hac to give due consideration 
to the concepts of total and partial derivatives. Based on his analysis, 
Narasimhan has suggested that the effects of undrained pore pressure 
generation should be included in the statement of the initial conditions of the 
problem rather than be included in the main body of the transient groundwater 
flow quation in the form of a fictitious source term as suggested by Bndebocft 
and Cooley. The comments by Bredehocft and Cooley, as well as two scparate 
replies-one by Narasimhan and the other by Kanehircwre soon to be 
published in Water Resources Research. 

Nelson, P. H., 1982 
Advances in Borehole Geophysics for Hydrologv 
Gcological Society of America Special Paper No. 189, p. 207-219 (LBL 
11783) 

Borehole geophysical methods provide vital subsurface information on rock 
properties, fluid movement. and the condition of engincercd borehole structurm. 
Within the first category, salient advances include the continuing improvcmnt 
of the borehole televiewer. refinement of the electrical conductivity dipmter 
for fracture characterization, and the development of a gigahertz-frequency 
electromagnetic propagation tool for water saturation mcasuremcnts. The 
exploration of the rock mass between borehola, remains a challenging pmMem 
with high potential; promising methods arc now incorporating h i g h h s i t y  
spatial sampling and sophisticated data processing. 

Flow-rate measurement methods a p  adquate for all but low-flow 
situations. At low rates the tagging method seem the most attractive. Tbe 
Current exploitation of neutron-activation techniques for tagging means that the 
wellbore fluid itself is tagged. thereby eliminating the mixing of an alien fluid 
into the welltare. Another method the amustic noise generated by flow 
through constrictions in and behind casing to detect and locate Barn in the 
production system. 

With the advent of field-recorded digital data, the interpretation of logs 
from sedimentary squenccs is now reaching a sophisticated level with the aid 
of computer processing and the application of statistical methods. Lagging 
behind are interpretive schemes for the low-porosity, fracturecontrolled igneous 
and metamorphic rocks encountered in the geothermal reservoirs and in 

potential waste-storage sits. Progress is being made on the general problem of 
fracture detection by use of electrical and acoustical techniques, but the 
reliable definition of permeability continues to be an elusive g a l .  

Nelson. P. H., Magnusson, IC A, and Rachiele, R, 1982 
A@ication of Borehole Geophysics at an Experimental Waste Storage 
Site 
Gcopbysical Respecting, v. 30. p. 910-934 (LBL12989) 

A suite of electrical, radiation, and mechanical borehole probes were run in 
a 7Cmm-diameter borehole drilled to a slant depth of 380 m in leptite and 
granite. The hole is located in Precambrian bedrock in central Sweden where a 
site is dedicated to in-situ experiments pertaining to the disposal of radioactive 
wastes. Thc challenge to borehole logging methods for such site investigations 
is to d v e  gcological features and fluid flow parameters in geological sites 
which are initially chosen for their homogeneity, low porosity. and minimal 
fracturing. The Strip borehole is characterized by high electrical resistivit 
values in the 200-100 ldhn range, by acoustic velocities around 5800 m s- 
(which is closc to laboratory values on intact specimens), and by total porosity 
of around one volume percent. In this context, probe resolution was adequate 
to produce interpretable information on a l m t  all of the logs. 

Two principal mck types were encountered in the hole: granite, of quartz 
monzonitic composition, and leptite. The granite and leptite intercepts are 
subdivided into units characterized by mafic mineral content, sulfide mineral 
content, and electrical and radiation properties. Iron-rich zones in the leptite 
arc highly anomalous on the gamma-gamma and neutron logs; thin mafic zones 
in the granite can also be distinguished. Occurrences of a few percent pyrite 
arc detected by the electrical, gamma-gamma, and neutron logs. Although 
overall porosity is quite low throughout the hole, analysis of the resistivity and 
neutron logs indicates the porosity increases by a few volume percent at 
fracture zones. Tbe differential resistance and caliper probes detect borehole 
diameter roughnes of less than 1 mm, helping to confirm acoustic waveform 
anomalies which are indicative of fracture zones. Compressional wave transit 
time and shear-wave interference patterns usually occur coincident with open 
fractures observed in core. the correlation being especially good at major 
fracture zones. Immediate rquirements for this application of borehole 
geophysia, are the need to increase understanding and expcrience in fracture 
detection with the acoustic probe and to develop the quantitative evaluation of 
that fraction of porosity accessible to fluid flow. 

Nelson, P. H., and Rachiele, R., 1982 

T 

Technical Note: Water Migration Induced by Thermal Loading of a 
Granitic Rock Mass 
International Journal of Rock Mechanics and Mining Sciences, in p r s s  
(LBL 13920) 

Water inflow into instrumentation and heater boreholes was monitored for 
nearly 2 years during two thermomechanical experiments in a granitic rock 
mass in Stripa, Sweden. Flow of water into the boreholes increased rapidly 
when heater power was switched on or when heater power was increased. Water 
inflow in most boreholes began to decline within 30-50 days past the turn on of 
power to the heaters. When heater power was switched off, water inflow 
suddenly decreased, then gradually increased with time. Thus the inflow 
records indicate the presence of two flow components: a relatively steady inflow 
from tbe normal hydrologic regime, and a transient flow component attributed 
to the closing, and with power turn off to the heaters, the opening of fractures 
and cracks by thermally i n d u d  stress changes. The water volumes for 
individual boreholes asaibed to crack closure while the heaters were operating 
arc in the range of 1-10 liters, and are comparable to a reduction of .001 in the 
pore space of a .5 m radius of rock surrounding a borehole. 

An anomalous inflow record was noted for one borehole. AE heater power 
was inmased in one of the themmechanical experiments, flow into the hole 
incrcascd greatly, and remained high until heater power was turned OK, 
suggesting the added thermal load may have opened a conductive fracture. 

Nelson. P. H., Rachiele. R, and Smith, A, 1983 
Transport of Radon in Flowing Boreholes at Stripa. Sweden 
Journal of Gcophysical Research, v. 88, no. 83, p. 2395-2405 (LBLI 1180) 

Granitic rock in an underground experimental waste storage site at Stripa, 
Sweden. is unusually high in natural radioclcments (- 40 ppm uranium) with 
higher concentrations occurring locally in thin chloritic zones and fractures. 
Groundwater seeping through fracture8 into open boreholes is consequently 
highly anomalous in its radon content, with activity as high as one microcurie 
pcr liter. When total munt gamma-ray logs are run in boreholes where 
groundwater i d o w  is appreciable, the result is quite unusual: the radon 
daughter activity in the water adds considerably to the gamma contribution 
from the rock, and in fact often dominates the log. 

The total gamma activity increases where radon-charged groundwater enters 
a borehole, and decays as the water flow along the hole in response to the 
hydraulic gradient. As a consequence. the gamma log serves as a flow profile, 
locating zones of water entry (or loss) by an increase (or decrease) in the total 
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gamma activity. If mixing within the borehole does not occur, the activity 
dccnascs exponentially along the hole away from the entry point because of the 
steady decay of radon and its daughter products as they migrate with the flow 
in the water column. This spatial decay rate can be converted to a linear flow 
rate since the 3.8day half-life of radon governs the response time. For 
example, if the volumetric flow rate in a 7bmm hole falls within the range of 
0.5 to 50 liters per day, and if observations arc available from a l&m length of 
bole. then the flow rate can be mcasured quantitatively. Proportionately higher 
rates can k measured if longer hole lengths are available for observation. 

A model for flow through a thin crack emanating radon at a rate E shows 
that the radon concentration of water entering a hole is E/Ah. where A is the 
radon decay rate and h the crack aperture, assuming that the flow rate and 
crack source area are such that an element of water resides within the source 
area for several radon half-lives or more. Using this simple relationship, 
independent measurements of emanation and concentration produce reasonable 
estimates of fracture aperture. Although uranium concentration values at Stripa 
are unusually high, neither the emanation coefficients nor the fracture 
properties appear to be unusual for granitic rock. It therefore seem likely that 
many granitic sites must exist when the radon content in groundwater is higher 
than in other geological terranes, although perhaps not as high as the 
microcurie per liter concentrations found at the Stripa site. 

Noorishad. J., and Mehran, M., 1982 
An Wstream Finite Element Method for  Solution of Transient Transport 
Eqwtion in Fractured Porous Media 
Water Resources Research, v. 18, no. 3, p. 58&5% (LBL13540) 

A finite element method for the solution of two-dimensional transient 
dispcrsivafonvcctive transport of nonconservative solute species in fractured 
porous media is presented. A two-nodal point one-dimensional transport 
clement for fractures is developed which provides a number of advantages 
relative to conventional fracture representation by two-dimensional continuum 
elements. To eliminate the oscillatory behavior of convective-dominated 
transport which is a more likely Occurrence in fracture, a very efficient one- 
dimensional upstreaming method along with a twdmensional method is 
implemented. Validity of the numerical scheme is established by comparison 
with existing one- and two-dimensional analytic solutions. 

Perry, D. L, 1982 
Infrared and X-Ray Photoelectron Evidence for a Cntion Stabilized 
Hydroxy-Bridged Uranyl Species [ ( U O ~ + ) ~ O H )  
lnorganica Chimica Acta. v. 65. p. L2ll-L213 (L L14607) i2+ 

This laboratory rcccntly reported the synthesis and structure of the uranium 
dimer complex, di-raquo-bis(dioxobis(nitrato)uranium(VI))di-imidazole. 
Although the hydrogen atoms between the imidazole molecules and the bridging 
oxygen atom species were not located during the least-squares refinement of the 
crystal structure, they were assumed to be associated with the oxygen to form a 
water bridge; subsequent additional attempts using electron density difference 
maps to find the hydrogen atoms were also unsuccessful. This assumption of the 
hydrogen a tom being part of water molccules was made, because previous 
structurally documented hydrolysis products of uranium were unstable outside 
the reaction medium in which they were formed. Complex (1) is stable with 
respect to both air and moisture and can be stored without special precautions. 
This report details experimental infrared and x-ray photoelectron data that 
would indicate the hydrogen atoms could instead be localized on the “pyridine” 
nitrogen of the imidazole, thus affording a bridged hydroxy uranyl complex that 
is stabilized by imidazolium cations that are adjacent to hydroxy ligand 
bridges. 

Perry, D. L.. and Brittain, H. G.. 1982 
Luminescence Studies of Lnnthm‘de Oxides. I. Thermal and Hydration 
Eflects of the Metal Ion Site Symmetry in Europium Oxide 
Journal of Catalysis, v. 77, p. 94-103 (LBL15757) 

High resolution luminescence spectroscopy has been used to study the site 
symmctry of Eu(II1) ions in Eu203, both hydrated and anhydrous. It was 
found that the europium (found in high level radioactive waste packages) site 
symmctry was a sensitive function of both the chemical history and the thermal 
treatment of the compounds. This research is important in understanding 
hydration, thermal, and hydrolytic processes of europium( 111) that occur under 
geologic conditions. 

Pmy,  D. L. Saxton, R J., Wilson, L J., Dcplano, P.. Trogu, E. F., Bigoli, 
F., Lcporati, E., and Pellinghelli, M., 1983 

Synthesis and Magnetochem‘cal. Spectroscopic, and Structural Studies of 
New Tris(N.N-LXalkyldiselenocarbamato)Iron(I~ Tetrafluoroborate 
conrplc*s 
Journal of the Chemical Society, Dalton Transactions, v. 25, p. 25-30 
(LBL15758) 

The chemistry of the extremely rare iron(Iv) species has been studied using 

x-ray photoelectron, Mossbauer, and electron paramagnetic spectroscopy in 
conjunction with singlacrystal structural work. This work centered around the 
chemistry of this species with selenium, an important component of high-level 
radioactive waste packages. The selenium/iron(IV) system is another example 
of a “high oxidation state” metal ion existing with a potential reducing agent 
such as a selenide. Such reduction processes of high oxidation state actinides 
in radioactive waste have been shown to affect the migration rates in geologic 
media. 

Perry, D. L, Templeton, D. H., Ruben, H., and Zalkin, A, 1982 
The Synthesis and Structure of the First Actinide Disulfur Complex. 
Bis(LX-n-propylammonfuin) LXsulfur Bis(Di-n-propylmotmthiocarba- 
mato)dioxouranate(VI). [(n-C3H7)flH ~~U02(fn-C3H,~~NcoS~2~S2)l 
Inorganic Chemistry, v. 21, p. 237 (LB c 10654) 

The title compound, [(n-C H,)2NH2]2[U4((n-CJH,)2NCOS)2(S~)]. was 
synthesized by wet chemical techniques and characterized by infrared 
spectrcscopy and single-crystal x-ray diffraction studies. The complex is the 
first structurally documented uranium chelate involving a sulfide ligand bonded 
directly to a uranium atom Uranium-sulfur systems like this one are useful in 
studies of uranium interaction with sulfide minerals such as pyrite, minerals 
that might act as reducing agents for metal ions involving uranium and other 
actinides in high oxidation states. 

Perry, D. L., Tsao. L, and Brittain, H. G.. 1983 
Luminescence Studies of Thorium Hydrolysis Products 
Journal of Luminescence, in prcss (LBL15974) 

Raising the pH of an aqueous solution of thorium nitrate results in the 
precipitation of a hydrated thorium oxide, rather than in the generation of a 
hydroxide species. At Mom temperature this material docs not exhibit any 
emissive properties, but upon cooling to 77 K a strong green luminescence can 
be observed. The emission spectrum is fairly broad and is characterized by an 
emission lifetime of 125 @cc. Emission from a thorium hydrolysis product has 
not hitherto been reported in the literature. This research is important in 
studying the properties of thorium oxide and “hydroxide” polymers that exist 
in geological media as a result of migration from a nuclear waste repository. 

Perry, D. L., White, k F., Tsao. L., and Gaugler, K A, 1983 
Surfme Study of HF- and HF/H$OyTreated Feldspar Using Auger 
Electron Spectroscopy 
Gcochimica et Cosmochimica Acta, v. 47, p. 1289-1291 (LBL14606) 

Auger electron spectroscopy has been used to study K-feldspar that has been 
reacted with both aqueous 10% HF and a 50% mixture of a 10% HF/O.I N 
H$04 solution. In the feldspar/HF system, the resulting feldspar surface was 
shown to have been fluorinatcd, depth profiling, using argon ion sputtering 
showed the fluorination to have occurred substantially into the mineral bulk. In 
the feldspar/HF/H2S04 system, the resulting surface contained both fluorine 
and sulfur. The fluorination had again penetrated into the bulk but the sulfur 
could be removed with mild argon ion sputtering. The Al/F signal ratio was 
much lower on the feldspar surface treated with the IW HF/O.I N H2S0 
solution than the feldspar surface treated with the weaker 10% HF aci l  
solution. 

Perry, D. L, Tsao. L, and Zalkin, A, 1983 
Synthesis and Structure of 2-Methylimidazolium Tetrachlorouranate(V7) 
Acta Crystallographica C. ,  in press, (LBL15726) 

The title compound was synthesized by wet chemical techniques and studied 
using singlacrystal x-ray diffraction. The imidazolium cation is important, 
because it has been used to air-stabilize the [(U$)2(OH2]2+ cation, an 
important species involved in the migration of uranium from nuclear waste 
repository sites. 

Phutela, R C., and Pitzer, IC S., 1983 
Thermodynamics of Aqueous Cblcium Chloride 
Journal of Solution Chemistry, v. 12, no. 3, p. 201-207 (LBLI5322) 

Various published measurements of the osmotic coefficient and the apparent 
molal enthalpy of aqueous CaCl are examined and correlated. It is found that 
CaCI, shows an anomalous bekvior near 5 molal. &low that molality the 
various properties are well represented by the usual ion-interaction equation 
with simple temperature dependent expressions for the second and third virial 
parameters. Information from neutron diffraction and crystal structure is 
considered in discussing the anomalous behavior at high molality. 

- 
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Pigford, T. H., 1982 
Geological Disposal of Radioactive Waste: High-Lcvel Waste in Ikep 
Geologk Formations Is Less of a Hazard than Near Surface Urm'um 
&es or Uranium Mill Tailings 
Chemical Engineering Progress, v. 78, p. 18-26 

Disposing of high-level radioactive wastes deep underground depends in part 
upon the ability of the natural rock to isolate radioactivity from the biosphere. 
Attractive geologic candidates are natural salt deposits, which are free of 
groundwater, or granites, shales, and other media which are subject to little or 
no movement of natural groundwater. The concentrated wastes will be cast into 
solids, such as glass, and encased in metal containers. This waste package is 
expected to last for hundreds and thousands of years underground without 
appreciable deterioration. 

The potential for contaminating water is the principal long-term danger 
from t h e e  wastes. One quantitative measure of this potential danger is the 
volume of water that could be contaminated by the waste. The water dilution 
volume is only a relative measure of a potential hazard, since it assumcs that 
all of the waste is put into some soluble form and is all dissolved into drinking 
water. More meaningful estimates of actual hazards from buried wastes must 
take into account the many barnen, such ns the geologc d u m  and the 
corrosion-resistant waste material, which can isolate the potentially harmful 
components of the wastes from the biosphere. 

This article summarizes the potential hazards of higblevel wasted. and it 
presents a new measure of hazards which takes into account some of the actual 
pathways by which radionuclides in the buried wastes can reach the biosphere. 
These hazards estimates are compared with thosc from other wastes and from 
naturally occurring radioactivity. 

Pitzer, K. S., 1982 
SelfIonization of Water at High Temperature and the Thermodynamic 
Properties of the Ions 
Journal of Physical Chemistry, v. 86, p. 4704-4708 (LBL14493) 

It is shown that gas phase data on hydrated H+ and OH- ions from mass 
spectrometry can bc used to calculate the ionization product for water at high 
temperature and at high enough pressure to allow relating these rcsults with 

'C 
properties of the hydrated H+ and OH- are discussed and the h e a z i s  
compared with results calculated from the Born equation for an appopriatc 
region of temperature and pressure. 

Pitzer, K S., 1983 

thosc directly measured near loo0 K and 0.5 g ~ m - ~ .  The th 

The Thermodynamics of Sodium Chloriak Solutions in Steam 
Journal of Physical Chemistry, v. 87, no. 7, p. 112@1125 (LBL14886) 

Gas-phase data from mass spectrometry are used to calculate the G i k  
energy of hydration of Na+ and Cl- ions in steam. A similar hydration modcl 
for the ion pair NaCl is fitted to the experimental measurements of tbc 
solubility of NaCl in steam. The ionization constant calculated from t h  
sources fits the directly measured values at 1073 K and densities above 0.3 g 

At lower temperatures reasonable curvql interpolate between the 
calculated valucs for low density and the direct measurements at higher 
density. Other thermodynamic properties arc calculated for Na+, a-. and 
NaCl in steam. The partial molal heat capacity of the ions is very largc in the 
range 700 to loo0 K; this arises from the enthalpy of dissociation of water from 
the hydrated ions. The Born quation is comparrd with t h e  results. A 
practical application to stcam turbine technology is also considered. 

Pitzer, K S.. and Murdzek, J. S., 1982 
Thermodynamics of Apurour Sodium Surfoe 
Journal of Solution Chemistry, v. 11, p. 409-412 (LBL14522) 

The activity cocffcient of saturated aqutous N a p ,  is calculated from the 
properties of the d i d  and the infinitely dilute solutron as well as the solubility. 
Thee values are compnred with those given by the quation of Rogm and 
Pitzer which is based on the measured dependence of heat capacity upon 
molality together with other solution properties at low temperature. Excellent 
agreement is found from 30 to 280'C. consequCntly the equation of Rogers and 
Pitzer is given an extended range of validity to saturated molality and to 
280'C. The trend of solubility with temperature is d i d  in relation to the 
ACp of solution. 

Pomeroy, P. W., Best, W. J., and McEvilly, T. V., 1982 
Test Ban neaty  Verifcation with k g i o ~ l  h t o - A  &view 
Bulletin of the Seismological Society of America, v. 72, no. 6. p. 
S89S129 

This paper summarizes the use of regional (A 5 30 ") seismic data in a test 
ban context for detecting. locating, identifying, and determining the yield of 
underground nuclear explosions. In many areas of the world (Eastern North 
America, Africa, Eastern USSR), Lg is the largest amplitude wave recorded on 

standard seismograph system and thus is the most appropriate phase for 
monitoring small magnitude events. Excellent location capability for near- 
regional events has been demonstrated at the Norwegian small aperture array 
(NORESS) using Lg and f waves. Lg and other regional phases may contain 
information on source depth, but such information has not been exploited to 
date. Fiftcen classcs of regional discriminants have been identified including 
1. First Motion 
2. M.:m,, 
3. Pf lprRat io  
4. Excitation of Short-Period SH Waves 
5.  Lg/Rg Amplitude Ratios 
6. 
7. 
8. Excitation of Sn 
9. Third Moment of Frequency 
10. Generation of Higher Mode Surface Waves 
11. Peak Amplitudes of Love and Rayleigh Waves and Long-Period Surface 

Wave Energy tknsity 
12. Prevailing Period of Long-Period Love Waves 
13. Spectral Ratio-Long-Period S Waves to Rayleigh Waves 
14. Spectral Ratio-Long-Period Love Waves to Rayleigh Waves 
IS. Frequency of the Peak Spectral Amplitudes and Spectral Ratios in f n ,  

Each of these p r o p a d  discriminants has, with differing degrees of success, 
separated some explosions from some earthquakes. However, most have been 
tested only on limited data, usually from one geographic region and only one or 
two rcwrding stations. No systematic analyses have been done to determine 
the b e t  individual discriminant or combination of them. 

Preliminary evaluation of the use of Lg for yield determination suggests 
that regional waves hold promise in this application. Theoretical studies have 
contributed significantly to the understanding of propagation characteristics of 
regional waves but further studies are required emphasizing modeling for 
realistic anisotropic souras. 

The major conclusion of this study is that a systematic and comparative 
evaluation of all the proposed regional discriminants is now required, utilizing 
a common data basc derived from all present-day test sites. This evaluation 
would suggest the optimal discrimination procedure using regional waves, and 
would also define a m  of nccded research. Without such an integrated 
evaluation. it is still possible to speculate, using existing results, on the most 
promising regional discriminants. 

Pruess, K, Bodvarsson, G. S., Schrceder, R. C.. and Mthcrspoon, P. A, 1982 
Model Studies of the Ikpletion of %Phase Geothermal Reservoirs 
Society of Petroleum Engineers Journal. v. 22, no. 2, p. 286290 (LBL 
16609) 

PnlLg, f g / L g ,  and P&Lg Amplitude Ratios 
Lg Group Velocity and Energy Ratios in Lg 

f g ,  S. and Lg. 

Ibc simulator SHAFI79 of Lawrence Berkeley Laboratory has been used to 
study the depletion of different types of geothermal reservoirs. Investigations 
of idealized systems include effects of gravity and fluid injection. Pressure 
decline is analyzed as a function of cumulative production. The main 
conclusions are as follows. 
1. The well-known p / Z  method for estimating fluid reserves is not 

applicable to twephasc geothermal reservoirs. 
2. There is a strong tendency toward spatially uniform boiling. This 

causes a pressure decline, which allows in many cases estimates of the 
total reservoir volume and of the total heat content of the reservoir 
mk. 
hpngation of a boiling front t h u g h  a d a p  water table, as a 
consequence of fluid production. gives rise to a peculiar pattern of 
pressure decline. This may allow prediction of the distance of the 
water table from the producing mlls and of the vertical thickness of 
the water UIIIC, thereby giving important clues to estimating fluid 
rcsa.ves. 
The pressure effects of injection of colder fluid depend strongly on 
(one or t m t )  phasc conditions in the raervoir, injection rate, and 
absolute permeability. Average pressure actually may decline in two- 
phase reservoirs rather than increase as a rcsult of injection. 

3. 

4. 

Rasmwron A, Narasimhan, T. N.. and Neretnieks, I., 1982 
Chemical Tramport in a Fissured RDck Verification of a Numerical 
Model 
Water Resources Research, v. 18, no. 5, p. 1479-1492 (LBL10546). 

Numerical modcls for simulating chemical transport in fissured rocks 
constitute powerful tools for evaluating the acceptability of geological nuclear 
waste repositories. Duc to the very long-term, high toxicity of some nuclear 
waste products, the models are required to predict, in certain cases, the spatial 
and temporal distribution of chemical concentration less than 0.0018 of the 
concentration relcascd from the repository. Whether numerical models can 
provide such accuracies is a major question addressed in the present work. TO 
this end we have verified a numerical model, TRUMP, which solves the 
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advective diffusion equation in general three dimensions, with or without decay 
and source term. The method is based on an integrated finite difference 
approach. The model was verified against known analytic solution of the one 
dimensional advcctiondiffusion problem, as well as the problem of advcction- 
diffusion in a system of parallel fractures separated by spherical particles. The 
studies show that as long as the magnitude of advectana is q u a l  to or less 
than that of conductance for the c l o d  surface bounding any volume element in 
the region (that is. numerical Peclet number < 2). the numerical method can 
indeed match the analytic solution within errors of 210% or less. The 
realistic input parameters used in the sample calculations suggest that such a 
range of Peclet numbers is indeed likely to characterize deep groundwater 
system in granitic and ancient argillaceous systems. Thus TRUMP in its 
prarcnt form docs provide a viable tool for use in nuclear waste evaluation 
studied. A sensitivity analysis bascd on the analytic solution suggests that the 
errors in prediction introduced due to uncertainties in input parameters are 
likely to be larger than the computational inaccuracies introduced by the 
numerical model. Currently, a disadvantage in the TRUMP model is that the 
iterative method of solving the set of simultaneous equations is rather slow 
when time constants vary widely Over the flow region. Although the iterative 
solution may be very desirable for large three-dimensional problem in order to 
minimize computer storage, it seems desirable to use a direct solver technique 
in conjunction with the mixed explicit-implicit approach whenever possible. 
Work in this direction is in progress. 

Rogers, P. S. Z, Bradley, D. J., and Pitzer, K S., 198 
Densities of Aqueous Sodium Chloride Solutions from 7S'C to H)o'C at 
2oBar 
Journal of Chemical and Engineering Data, v. 27, p. 47-50 (LBL12407) 

A high pressure dilatometer has been used to measure the densities of 
aquwus sodium chloride solutions from .05 to 4.4 molal. The precision of a 
density determination of rt2 X le g at 100°C and decreases to f 5  X 
1fl g at 2OoOC. Within these limits, the density data are in agreement 
with the low concentration measurements reported by Ellis at the same 
temperatures and pressures. 

Rogers, P. S. Z, and Pitzn, K. S., 1982 
Volumetric Properties of Aqueous Sodium Chloriak Solutions 
Journal of Chemical and Physical Reference Data, v. 11, p. 15-81 (LBL 
12414) 

Literature data for the volumetric properties of sodium chloride solutions to 
concentrations of 5.5 molal have been compiled and critically evaluated. A 
semi-empirical equation of the s a m  type found to be effective in describing the 
thermal properties of NaCl solutions has been used to reproduce the volumetric 
data from 0°C to 3oo°C and 1 bar to loo0 bar. Tables of values are given for 
the spccific volume, expansivity, and compressibility. Equations also are given 
for calculating the pressure dependence of the free energy, enthalpy, and heat 
capacity. These equations can be combined with a treatment of thermal 
properties to form a complete equation of state for sodium chloride solutions. 

Somerton, W. H., 1982 
Porous Rock-Fluid Systems at Elevated Temperatures and Pressures 
Geological Society of America Special Paper No. 189, p. 183-197 (LBL 
11781) 

This paper is a review and analysis of the effects of elevated temperatures 
and pressures on the physical properties of porous rock-fluid systems. It is well 
known that the physical properties of rock vary considerably depending on the 
magnitude and history of the stresses, pore fluid pressures, and temperatures to 
which the rocks are subjected as well as the type and amount of fluid 
saturation. The review shows that the available data are limited and sometimes 
contradictory. Although general trends have been established, these need to be 
quantified for use in subsurface performance calculations. 

It has been wncludcd that three major problems need to be solved before 
appropriate values for the properties and behavior of rocks in their subsurface 
environment may be assigned. The first of these is how to simulate subsurface 
stress and temperature conditions in laboratory measurements. The second is 
the need to correlate the physical properties required in reservoir-performance 
analysis and log interpretation with some simpler properties of the rock-fluid 
system All desired properties used in the correlation should be measured 
concurrently on the same test specimen and under identical test conditions. 
The third need is to develop models that will make it possible to predict 
physical properties and behavior of rocks from easily determined characteristics 
of the rock-fluid system. Examples of successful modeling of the thermal 
properties and behavior of rocks are presented in the paper. 

Somerton, W. H., and Radke, C. J., 1983 
Role of Clays in the Enhanced Recovery of Petroleum from Some 
Calvwnia S a d  
Journal of Petroleum Technology, v. 35, no. 3, p. 643-654 (LBL15613) 

Many oil producing formations contain significant amounts of clay. Because 

of the large surface area and the high reactivity of such surfaces, the response 
of the formations to various rcwvery proasses may be dominated by the 
reactions of the clays. Thus, the success or failure of enhanced recovery 
methods may be controlled to a large extent by the m u n t  and type of clays in 
the formations to which the methods are being applied. 

In the present research the type and amount of clays and clay minerals 
present in typical oil producing formations, which may be candidates for 
application of enhanced recovery methods, are evaluated. After identification 
of the clay minerals present, tests are run on the extracted clay fractions to 
determine cation exchange capacities, surface areas, and chemical loss 
characteristics. Flood tests are run on me samples to evaluate the magnitude 
of chemical loss and to note the change in flow characteristics as different 
fluids, which might be used in enhanced recovery operations, arc flowed through 
the core. This background material will be used to test predictive equations 
developed for screening reservoirs for enhanced recovery applications and for 
optimizing process variables. Techniques to counter the effects of rock-fluid 
interactions will be considered. 

Stebbins, J. F., Weill, D. F., Carmichacl, 1. S. E., and Moret, L. K, 1982 
High Temperature Heat Contents and Heat Gapacities of Liquids and 
Glasses in the System N a A l S i @ & a A l ~ i ~ 8  
Contributions to Mineralogy and Petrology, v. 80, p. 276-284 (LBL16608) 

Enthalpies and heat capacities of glasses and of stable liquids in the syspm 
NaAISi30&aAl Si,$ have been measured by drop and differential scanning 
calorimetry. Witbin experimental error, values of Cp and of HT - HjOO of 
three intermediate compositions fall on straight line interpolations between the 
end members for both liquids and glasses, indicating that excesses in true and 
in mean heat capacities [(HT - H&/(T - 3OO)l are small or absent. A 
value for the heat capacity of the AnlOO liquid component can therefore be 
derived, and is probably a better estimate than that based on measurements on 
the pure substance alone. On the assumption of zero excess heat capacity in 
this system, heats of mixing in the stable liquids are equal to those measured in 
the glasses by solution calorimetry, and can be as negative as -2 kcal mol-'. 

Heat capacities of solids and glasses in the AbAn system are similar and do 
not vary greatly with composition. The Cp's of the liquids, however, increase 
strongly with An content, suggesting major structural changes take place across 
the binary. 

Sundaram P. N., and Frink, D., 1982 
Electrical Analow of Hydraulic Flow Through Rock Fractures 
Gcotecbnical Testing Journal, in press (LBL14474) 

Electrical analogy is uscd to study the influence of contact areas on the 
hydraulic flow through rock fractures. The investigation has shown that in the 
case of radial flow the locations of contact zones, as well as the total contact 
area, influence the flow rate. It is also demonstrated that when injection tests 
are conducted in boreholes, where the fracture closc to the borehole is partially 
plugged by loose particles or other debris, the flow rate may be substantially 
underestimated. 

Tsang, C. F., and Hopkins, D. L., 1982 
Aquifer Thermal Energy Storage: A Survey 
Geological Society of America Special Paper No. 189, p. 427-441 (LBL 
11786) 

The disparity between energy production and demand in many power plants 
has led to increased research on the long-term, largescale storage of thermal 
energy in aquifers. Field experiments have bccn conducted in Switzerland, 
France, the United States, Japan, and the People's Republic of China to study 
various technical aspects of aquifer storage of both hot and cold water. 
Furthermore, feasibility studies now in progress include technical, economic, 
and environmental analyses, regional exploration to locate favorable storage 
sites, and evaluation and design of pilot plants. 

Several theoretical and modeling studies arc also under way. Among the 
topics being studied using numerical models are fluid and heat flow, dispersion, 
land subsidence or uplift, the efficiency of different injcction/withdrawal 
schemes, buoyancy tilting, numerical dispersion, the use of compensation wells 
to counter regional flow, steam injection, and storage in narrow glacial deposits 
of high permeability. 

Experiments to date illustrate the need for further research and development 
to ensure suoctssful implementation of an aquifer storage system. keas 
identified for further research include shape and location of the hydrodynamic 
and thermal fronts, optimal flow rate and formation permeability, thermal 
dispersion. natural regional flow, land subsidence or uplift, thermal pollution, 
water chemistry, wellbore plugging and heat exchange efficiency, and control of 
corrosion. 
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Tsang, C. F., and Wang, J. S. Y., 1981 
State-of-the-Art Models for Gothermal Recovery Processes 
Journal of Energy Resources Technology, v. 103, p. 291-295 (LBL-12117) 

Recent interest in geothermal energy development has contributed to the 
advance in the modeling of nonisothermal flows, espacially of the twphase 
steam-water phenomena. In this paper, the key proasses associated with a 
geothermal energy reservoir are described and the current approaches are 
pointed out. The state of the art of geothermal modeling is reviewed by 
comparing the governing equations, numerical methods, code availability, 
validations and applications of several selected major existing models. The 
needs for further studies are discussed. 

Tsang, Y. W., and Witherspwn, P. A, 1983 
The Dependence of Fracture Mechanical and Fluid Flow Properties on 
Fracture Roughness and Sample Size 
Journal of Geophysical Research, v. 88. p. 2359-2366 (LBL14087). 

A parameter study has been camcd out to investigate the interdepcndencc of 
mechanical and fluid flow properties of fractures with fracture roughness and 
sample size. A nugh fracture can be defined mathematically in tern of its 
aperture density distribution. Corrclations were found between the shapes of 
the aperture density distribution function and the specific fractures of the 
stress-strain behavior and fluid flow characteristics. Well-matched fractures 
had peaked aperture distributions which resulted in very nonlinear sutss-strain 
behavior. With an increasing degree of mismatching between the top and bot- 
tom of a fracture, the aperture density distribution broadened and the non- 
linearity of the strewstrain behavior became less accentuated. The different 
aperture density distributions also gave rise to qualitatively different fluid flow 
behavior. Findings from this investigation make it possible to estimate the 
stressstrain and fluid flow behavior when the roughness characteristics of the 
fracture are known; and conversely, to estimate the fracture roughness from an 
examination of the hydraulic and mechanical data. Results from this study 
showed that both the mechanical and hydraulic properties of the fracture are 
controlled by the largescale roughness of the joint surface. This suggests that 
when the strewflow behavior of a fracture is being investigated, the size of the 
rock sample should be larger than the typical wave length of the roughness 
undulations. 

Wang, J. S. Y., Tsang, C. F., and Sterbentz, R A, 1983 
The State of the Art of Numerical Modeling of Thermohydrologk Flow in 
Fractured Rock Mars 
Environmental Geology, in press (LBL10524) 

The state of the art of numerical modeling of thermohydrologic flow in 
fractured rock masses is reviewed and a comparative study is made of several 
models which have been developed in nuclear waste isolation, geothermal 
energy, ground-water hydrology, petroleum engineering, and other gcdogic 
fields. The general review is followed by separate summaries of the main 
characteristics of the governing equations, numerical solutions, computer codes. 
validations, and applications for each model. 

Weres, 0.. and Apps, J. A. 1982 
Prediction of Chemical Problems in the Reinjection of Geothermal Brines 
Gmlogical Society of America Special Paper No. 189, p. 407-426 (LBL 
11785) 

Amorphous silica and silicates, and the carbonates and sulfates of calcium, 
strontium, and barium are the solids most commonly deposited by geothermal 
brines. The phenomenology and kinetics of their precipitation arc reviewed in 
this paper. Practical methods of avoiding or reducing reinjection mll damnge 
are discussed. with emphasis on the important and well-researched problem of 
removing colloidal amorphous silica from spent geothermal brines before 
reinjection. 

Need for further research is also discussed. It is concluded that the 
interaction of the reinjccted brine with the nservoir rock and the brine's effect 
on rock properties are the areas that most need further research. 

Weres, O., Ya. A, and Tsao, L, 1982 
Equations and ope Curves for Predicting the Polymerization of 
Amorphous Silica in Geothermal Brines 
Society of Petroleum Engineers Journal, v. 22. no. 6, p. 9. 

T~K. polymerization of dissolved silica in aqueous solutions up to IOO'C and 
containing up to 1 M NaCl has been studied experimentally and thcorctically. 
In this paper, the results of this work arc presented in a form suitable for 
practical use in interpreting and predicting the chemistry of silica in 
geothermal brines. Empirical equations for calculating the rate of molecular 
deposition of silica on surfaces as a function of silica concentration, 
temperature, pH, and salinity are presented. Theoretically calculated type 
curves that depict the decrease of dissolved silica concentration by 

homogeneous nucleation and particle growth are presented, along with the 
pmadures for using them to predict the course of this process under different 
conditions. 

Wilson, C. R.. Doc, T. W., and Long, J. C. S., 1982 
Hydrologic Characterization of Repository Sites in Fractured Rock 
IEEE Transactions on Nuclear Science, v. NS29, no. 1 ,  p. 226-232 
(LBL 13476) 

l'be history of the development of techniques for determining equivalent 
rock mass permeability from discrete fracture data is reviewed. These 
techniques began with conceptual models which considered all fractures to be 
infinitely long. Because fractures are in fact finite, the equivalent permeability 
tensor computed by this approximation may not be applicable. Recent studies of 
the definition of an equivalent permeability tensor for networks of fractures 
with finite lengths are reviewed, and field techniques which show promise for 
obtaining in situ measurements of fracture length are presented. 

Wilt. M., Goldstein, N. E., Stark, M., Haught, J. R .  and Morrison, H. F., 
1983 

Experience with the EM-60 Electromagnetic System for Geothermal 
Exploration in Nevada 
Geophysics. v. 48. no. 8, p. 1090-1101 (LBL12618) 

As part of a joint program between the Department of Energy/Division of 
Geothermal Energy and private geothermal developers, Lawrence Berkeley 
Laboratory (LBL) conducted controlled-source electromagnetic (EM) surveys at 
three geothermal prospects in northern Nevada. Over 40 soundings were made 
in Panther Canyon (Grass Valley), near Winnemucca; Soda Lakes, near Fallon; 
and McCoy, west of Austin, to test and demonstrate the applicability of LBL's 
EM-60 system to geothermal exploration. 

Thc EM-60 is a frequency-domain system using three-component magnetic 
detection. Typically. we apply k65 A to a IWmdiameter four-turn horizontal 
loo to 
18Hz. With such a source loop, we have made soundings at transmitter- 
reaiver separations of up to 4 km, providing a maximum depth of penetration 
of 4 km. Recorded spectra are interpreted by means of simple apparent- 
resistivity calculations made in the field and by layered-model inversions 
computed in the laboratory. The EM interpretations are then compared with 
other available geological/geophysicaal data sets for the purpose of combined 
interpretation and method evaluation. Experience with the EM-60 system in 
Nevada has shown it to be an efficient and possibly more cost-effective 
alternative to dc resistivity and magnetotellurics for geothermal exploration. An 
average of two soundings per field day for depths of exploration up to 2 km was 
obtained routinely. 

Results from EM-60 work at Panther Canyon compare very favorably with 
earlier dipoledipole resistivity surveys. Both methods adequately outlined an 
irregularly shaped, buried conductive body associated with a region of high 
heat flow, but the same area was covered with the EM-60 in just over half the 
field time required for the dipole-dipole resistivity survey. At Soda Lakes, 13 
highquality EM soundings were obtained from two transmitters in six field 
days under ideal field conditions. With the EM-60 data, we were able to map 
the depth to and inclination of a buried conductive body associated with an 
area of high subsurfacc temperatures. In this case, the EM results confirmed 
an earlier MT survey interpretation and gave additional detailed near-surface 
information. At the remote and mountainous McCoy site, data interpretation 
was complicated becaw of the rugged terrain. By modifying existing 
interpretative software, we were able to calculate the effects of tilted-source 
dipoles and elevation differences on soundings and thus interprct data. The EM 
soundings detected a conductive zone at a depth of 200 m at the south end of 
the prospect, where a nearby drillhole had encountered water at 100°C at the 
same depth. In addition, EM soundings at McCoy provided information on a 
deep conductor klow 2 km which has yet to be drilled. 

generating a dipole moment >lo6 MKS over the frequency range 

Wilt, M, and Stark, M., I982 
A Simple Method for  Chlculating Apparent Resistivity from 
Electromagnetic Sounding b i a  
Geophysics, v. 47, no. 7, p. 1100-1105 (LBL12160) 

In this note we have introduced a simple method for calculating apparent 
resistivity from frequency-domain EM sounding data. The method is sufficiently 
simple for in-field use, provides valuable feedback of data quality, and gives 
qualitative evaluation of incoming results. The apparent resistivity spectra may 
be interpreted with existing MT software, but since curves do not closely 
approximate plane-wave conditions for all frequencies, this procedure should be 
used with caution. 

The scheme may be applied easily to frequency-domain configurations other 
than the looploop setup shown here, and the application of the method to time- 
domain EM sounding should simply require a Fourier transform of the 
appropriate generalized curves. 
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Wollcnberg. H. A, 1982 
Gcahermal Resource Exploration 
Geological Society of America Spccial Paper No. 189, p. 375-386 (LBL 
9367) 

Exploration for geothermal resources in the Basin and Range geomorphic 
province of the western United States is much akin to mineral resource 
exploration. In this region, potential geothermal resources are located at or 
near zones of intersection of normal faults, when fracture permeability permits 
dcep circulation of meteoric water into high-temperature areas afforded by high 
regional k a t  flow. 

Exploration encompasses regional surveys, covering several thousand square 
kilomctres, followed by more detailed studies of several hundred square 
kilometres to identify sites for deep drillholes. The most effective methods for 
regional exploration are 8cologic studies bawd on areal multispectral surveys, 
heat-flow drilling, chemical geothermometry of warm- and cold-water sources, 
and agedating of rock Detailed heat-flow-hydrologic surveys, gravity and 
activeseismic surveys, and geologic mapping are most effective in locating 
targets for deep confirmatory drilling. Geochemical-halo surveys may also be 
very effective in both regional and areal exploration. 

Results of geochemical, radiochemical, and geophysical surveys combine to 
furnish a comparison of long-term flow rates of geothermal systems, thereby 
pcrmitting preliminary evaluation of the relative viability of the systems. 
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