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EXECUTIVE SUMMARY 

Matrix diffusion is regarded as an important transport mechanism within the 
low-permeability dual-porosity saprolite mantle on the Oak Ridge Reservation (ORR). 
In order to evaluate and model matrix diffusion, a knowledge of the effective porosity of 
the saprolite matrix is necessary. To that end, mudrock-saprolite specimens from Bear 
Creek Valley on the ORR, developed from the Nolichucky Shale through weathering, 
were analyzed with helium and mercury porosimetry. The saprolite matrix of the fresh 
core samples is composed of the volumetrically more abundant saprolite groundmass 
which contains varying fractions of less weathered mudrock-fragments. Average 
effective porosities determined by helium porosimetry, judged to provide the best 
estimate for true (maximum) effective porosity, are 16.1 % for mudrock fragments and 
39.0% for groundmass. Average effective porosities from mercury porosimetry are 
11.9% for mudrock fragments and 33.7% (Hg2) or 26.8% (Hgl) for groundmass. The 
progressive effect of weathering is apparent through an increase in effective porosity 
combined with a decrease in bulk-density, when specimens of bedrock mudrock, 
saprolite mudrock-fragments, and saprolite groundmass are compared. Weathering 
most likely involved the loss of cement and of some grain material, and the mechanical 
loosening of the grain fabric. Pore-throat-size distribution curves for saprolite mudrock- 
fragments (skewed right, modes 5 to 20 nm, majority of pore throats e100 nm) are 
distinctly different from distribution curves of saprolite groundmass (skewed left, 
modes 1200 to 5000 nm, majority of pore throats >lo0 nm). Together with the overall 
shift of the throat-size spectrum toward larger sizes for specimens of bedrock mudrock, 
saprolite mudrock-fragments, and saprolite groundmass, this again reflects the 
increasing effect of weathering. The distribution curves also point out that the 
boundaries of weathering zones are most likely irregular and not parallel to the ground 
surface. Calculated interval effective porosities characterize larger volumes of saprolite 
matrix and integrate both mudrock-fragment and groundmass effective porosities. The 
values range from 51.3% to 26.2% and display a smooth decrease with depth, mirroring 
the saprolite weathering profile. The calculated interval effective porosities are probably 
best suited for the task of modeling and evaluating matrix diffusion as a transport 
mechanism within the saprolite mantle. 

... 
V l l l  
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PURPOSE 

The purpose of the research reported in this document was the derivation of 
quantitative data on effective porosity and pore-throat sizes of mudrock saprolite 
based on state-of-the art petrophysical measurement techniques. The target was the 
saprolite developed from the Nolichucky Shale of the Conasauga Group within Bear 
Creek Valley on the Oak Ridge Reservation (ORR). The data are important for the 
evaluation of matrix diffusion as a transport process within fractured low-permeability 
geological material such as mudrock saprolite on the ORR. 
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INTRODUCTION 

Specimens of saprolite developed from mudrock of the Nolichucky Shale (Upper 
Cambrian, Conasauga Group) from the Whiteoak Mountain thrust sheet on the Oak 
Ridge Reservation (ORR) were analyzed. Petrophysical techniques include helium 
porosimetry and mercury porosimetry. Petrophysical data obtained from the laboratory 
experiments include effective porosity, pore-throat sizes and their distribution, specimen 
bulk-density, and specimen grain-density. It is expected that the data from this study 
will significantly contribute to constraining the modeling of the hydrologic behavior of 
saprolite developed from mudrock of the Conasauga Group in general and from the 
Nolichucky Shale specifically. 

Conasauga Group Saprolite on the Oak Ridge Reservation 

Saprolite is commonly defined (following Fairbridge, 1968, p. 933) as chemically 
altered, but coherent and not texturally disintegrated rock rotten in situ. Weathering has 
removed certain chemical components, but the grain relations remain undisturbed. 
Saprolite occupies the zone below the soil horizons and above the bedrock proper. 
Lietzke (1992) emphasized especially the leaching of calcium carbonate from Conasauga 
Group lithologies on the ORR. 

The thickness of saprolite on the ORR is highly variable (Lietzke, 1992), but 
common thicknesses of saprolite developed from the Conasauga Group of up to 10 m 
are reported (Solomon et al., 1992; Lee et al., 1992). Saprolite retains the structural 
style obtained by the different clastic lithologies on the ORR (Dreier et al., 1987) 
predominantly during the Late Paleozoic Alleghanian orogeny. The structural inventory 
includes different fold generations, faults, and especially a pervasive fracture system. 
The system is characterized by distinct fracture sets of differing orientation, and was 
formed during a time span ranging from the Cambrian to the Recent (Lemiszki and 
Hatcher, 1992). 

Four broad hydrologic zones can be identified on the Om.  the near-surface 
stormflow zone, the vadose zone, the groundwater zone, and the aquiclude (Figure 1; 
Solomon et al., 1992). Within this hydrologic zonation, mudrock saprolite can be found 
from the lower part of the stormflow zone, through the vadose zone, down to the water- 
table interval of the groundwater zone. The degree of weathering generally decreases 
when moving downward in this section, with a broad transition interval into bedrock. 
Water saturation occurs within the water-table interval (and below) and (partly to 
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Fig. 1: Schematic vertical relationship of flow zones 
within aquitards on the ORR (modified after Solomon et al., 1992). 
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completely) within the stonnflow zone during rain events. Seasonal fluctuations are 
important in extending the water-table interval into what commonly is the vadose zone. 
The transition zone from regolith (including saprolite) to bedrock typically can be placed 
at the base of the water-table interval (Solomon et al., 1992). 

The Conasauga Group on the ORR is composed predominantly of mudrock, 
interbedded with limestone beds (Hasson and Haase, 1988, Dreier et al., 1992). The 
saprolite developed from the Conasauga Group is most important for environmental 
concerns on the ORR because the Conasauga Group fonns an important aquitard unit 
(Solomon et al., 1992), and a majority of the waste-disposal activities on the ORR are 
situated within the saprolite interval above Conasauga bedrock. Excavations routinely 
intersect the water-table interval. Leakage of material from waste-disposal sites has the 
potential to contaminate the saprolite, which might be further aggravated by transport 
of contaminant species through the interconnected fracture system. 

Saprolite developed from Conasauga Group mudrock is not expected to be 
uniform in petrophysical characteristics. The petrophysical characteristics are 
determined by: 1) the original lithologic variance of the deposits, 2) the diagenetic 
overprint of the deposits and, most importantly, 3) the difference in weathering. 
Typical soil-saprolite-bedrock weathering profiles (Figure 2) display a change in the 
severity of weathering with depth which is expected to be reflected by a commensurate 
change in petrophysical characteristics from the boundary of the soil B-horizon/C- 
horizon, through the leached (Crl) and unleached (Cf.2) saprolite zones, to the contact 
with bedrock (Figure 2). A drastic change in petrophysical characteristics from the 
weathering profile to the unweathered bedrock is also expected (Lietzke et al., 1988). 
This is a qualitative statement because quantitative data on saprolite petrophysical 
characteristics are not available at the present. Extensive quantitative petrophysical 
data, however, are available for mudrock of the Conasauga Group below the saprolite 
zone CDorsch et al., 1996). This will provide the opportunity to compare the 
petrophysical characteristics of bedrock with those of saprolite developed from 
Conasauga Group mudrock. A general summary of the sedimentology and stratigraphy 
of the Conasauga Group mudrock (bedrock) is provided by Dorsch et al. (1996). 
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A horizon: zone of leaching and 

E horizon: zone of intense leaching and 

B horizon: zone of accumulation of clays 

accumulation of carbon 

loss of clays and oxides 

and oxides 

C horizon: zone of lower biologic activity 

Cr horizon: paraIifhic material fhat 
preclude roots 

Crl: oxidized and leached saprolite 

Cr2 oxidized and unleached saprolite 

R: lithic material, unoxidized and 
unleached bedrock 

Fig. 2 Soil-saprolite-bedrock weathering column 
(modified from Lietzke et al., 1988). 
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Matrix Diffusion and Effective Porosity 

Effective porosity is defined as the ratio of volume of interconnected pore space 
to total volume of a rock sample. Effective porosity is believed to be an important 
parameter that controls the extent and effectiveness of diffusive processes within fine- 
grained siliciclastic rocks (e. g., Germain and Frind, 1989; Toran et al., 1995). The 
importance of matrix diffusion as an agent for efficient material transport in the 
fractured low-permeability sedimentary rocks and saprolite on the Oak Ridge 
Reservation was pointed out by Wickliff et al. (1991), Solomon et al. (19921, Shevenell et 
al. (19941, and Sanford et al. (1994). 

Figure 3 illustrates the potential importance of matrix diffusion for contaminant 
transport within fractured low-permeability mudrock saprolite. Contaminated water 
actively moves through the interconnected fracture network, but through the process of 
diffusion contaminants are able to access the interconnected pore space of the 
surrounding matrix blocks. Access to the pore water of the saprolite matrix is through 
matrix pores connected to the fracture network. The result of this mass transfer by 
diffusion will be an apparent retardation of the spread of the contaminant species 
camed by water within the interconnected fracture network (e. g., Neretnieks, 1980, 
Tang et al., 1981; McKay et al., 1993). This scenario will develop while the primary 
contaminant source is present and active. After removal of the primary contaminant 
source, either through remediation efforts or through simple depletion, the direction of 
diffusion will reverse. Contaminants will diffuse out of the matrix into the fracture 
network now occupied by uncontaminated water. This will lead to the development of 
a secondary contaminant source, which might be active for a long period and which will 
be very difficult and expensive to remediate because of the required long time spans for 
removing the contaminants from the matrix pore-space (e. g., Germain and Frind, 1989; 
McKay et al., 1993). Accurate knowledge of effective porosity, therefore, is important 
for modeling and evaluating the possible apparent retardation of contaminant spread 
and the possible development of secondary contaminant sources within fractured 
mudrock saprolite (Toran et al., 1995). 

The effective porosity of the Conasauga Group mudrock-saprolite matrix can be 
considered to consist of a sedimentary porosity and of microfractures. The sedimentary 
porosity developed following deposition and after experiencing compaction, chemical 
diagenesis (cementation, dissolution), and weathering to saprolite. Microfractures are 
considered tectonic in origin and are small enough to be part of the saprolite matrix. The 
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Fig. 3 Schematic block diagrams illustrating the diffusion of contaminant 
species from a fracture into the surrounding saprolite "matrix" (apparent retardation) 
and vice versa (secondary contaminant source) @om Dorsch et al., 1996). 
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tectonic origin of the microfractures remains speculative, however, because detailed 
petrographic investigations on bedrock mudrock addressing this question are lacking. 
Larger microfractures, fractures and voids, abundant in the saprolite mantle, cause the 
saprolite sample to fall apart into smaller integral matrix blocks. These larger openings 
within the saprolite mantle were not characterized in this study, but they are important 
for rapid flow and transport through the saprolite zone (Solomon et al., 1992). That 
these larger openings are preferential flow paths is indicated by Fe-oxides and Mn- 
oxides coating the walls of the openings, and by translocated clay partially filling the 
openings (Gwo et al., 1996). The effective porosity data reported in this document are a 
measure of the space potentially available for diffusive processes within the low- 
permeability saprolite matrix. 
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PETROPHYSICAL MEASUREMENT TECHNIQUES 

Petrophysical data (effective porosity, specimen grain-density, specimen bulk- 
density, and pore-throat sizes) for mudrock saprolite were obtained using state-of-the- 
art laboratory-based measurement techniques. These techniques include helium 
porosimetry and mercury porosimetry which had been applied previously to fine- 
grained, low-permeability sedimentary rocks (Issler and Katsube, 1994; Loman et al., 
1993; Katsube et al., 1992; Katsube and Scromeda, 1991; Katsube and Best, 1992; 
Soeder, 1988; Dorsch et al., 1996). Both of these techniques generate petrophysical data 
using a specimen size of less than 10 g. 

temperatures above 100°C. This was camed out to ensure the determination of all 
interconnected pore space available for water storage. Drying of specimens above 
100°C will drive off all pore water in the specimen and all water adsorbed to clay 
minerals (Scromeda and Katsube, 1993). The drying procedure will not affect the 
crystal-lattice water, which is part of the clay minerals (Dorsch, 1995). 

The specimens used for the petrophysical measurements were dried at 



10  

Mercury Porosimetry 

Principle. Mercury porosimetry involves the forceful injection of a non-wetting 
liquid (mercury) into a specimen in discrete pressure steps using a mercury porosimeter. 
The pressures required to force mercury into the specimen correspond to the size of the 
pore throats and pores (Washburn, 1921; Rootare, 1970; Wardlaw, 1976; Kopaska- 
Merkel, 1988; Wardlaw et al., 1988; Kopaska-Merkel, 1991). With each increasing 
pressure step, successively smaller pore throats are accessed by mercury. Mercury 
porosimetry results are displayed as capillary-pressure curves that plot the amount of 
intruded mercury versus injection pressure (Figure4). The amount of intruded mercury 
can be converted to volume of mercury, and the injection pressure can be converted to 
porethroat diameters with the Washburn Equation (see below). Mercury porosimetry, 
therefore, provides quantitative information on the distribution of porethroat sizes. 
The sizes of pore throats are important because they control access to pores. Pores of 
the same size might be accessed through throats of different sizes, but mercury enters the 
pore space only after a certain injection pressure is reached (Figure 5). The pore space 
with the larger sized pore throat will be accessed earlier (at a lower injection pressure) 
than the pore space of equal size but with a smaller pore throat. 

Washburn Equation. The Washburn Equation relates the amount of pressure 
required to force mercury into pores to the porethroat diameter greater or equal to d (e. 
g., Katsube and Issler, 1993). Cylindrical pore shapes are assumed to characterize the 
pore system in mudrock (Katsube and Issler, 1993) and mudrock saprolite, and 
therefore 

d = (-4y cos€)) / p (1) 

d = throat size 
y = interfacial (surface) tension (for Hg/vacuum = 0.48N - m-l) 
0 = contact angle (for Hg/vacuum = 303 
p = intrusion pressure (MPa). 

With the help of the Washburn Equation a corresponding pore-throat size can always be 
calculated from a measured injection pressure. 

Procedure. Prior to the petrophysical measurements the specimens were dried in 
a vacuum oven at a temperature of 105°C for 24 h. Following oven drying the specimens 
were cooled in a desiccator. 
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Fig. 4 Capillary-pressure curves, plotting the measured injection pressure 
and/or the calculated pore-throat diameter versus the amount of intruded mercury 
(arrows point toward higher values). 
A) cumulative intrusion curve, where the total amount of intruded mercury can be 
read at the right-side end of the curve; dl and d2 are porethroat diameters 
calculated from intrusion pressures Pi1 and Pi2 using the Washbum Equation. 
B) incremental intrusion curve showing the amount of mercury intruded at the 
chosen consecutive pressure steps. Note the pore-throat size distribution obtained 
in this way (from Dorsch, 1995). 
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Pil Pi2 

Fig. 5 Illustration of the importance of pore throats for controlling 
access to pores. Pores of the same size (V = volume) are accessed by pore 
throats of different sizes (d = diameter); mercury enters the pore throat only 
after an injection pressure (= Pi) is reached to force mercury through the 
pore throat. The pore accessed by the larger pore throat will be invaded 
earlier at a lower injection pressure than the pore of equal size but with a 
smaller entry pore-throat (from Dorsch, 1995). 

A Micromeritics Autopore 9200 porosimeter was employed for the petrophysical 
measurements. This mercury porosimeter can generate pressures from 0.14 to 420 MPa, 
which corresponds to an equivalent pore-throat size ranging from 10 to 0.003 pm (10000 
to 3 nm). A measurement accuracy for volume of intruded mercury of io.0015 cm3 or 
smaller can be expected (Kopaska-Merkel, 1991). 

increased successively in discrete steps (56 steps from 0.14 to 420 MPa), equally 
dividing the available pressure range provided by the apparatus on a logarithmic scale. 
Following each step, time is allotted for equilibration of the system so that no change in 
volume of mercury taken up by the specimen with time occurs. Equilibrium times were 
about 40 s for high pressure steps (> 0.7 MPa) and 10 s for low pressure steps (< 0.7 
MPa) (Katsube and Issler, 1993). For each pressure step the volume of mercury 
intruding the sample is recorded. Based on the Washbum Equation each discrete 
pressure step corresponds to a certain pore-throat size. The volume of mercury 

During the petrophysical measurements the mercury-injection pressure was 
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intruding the specimen at each discrete pressure step is converted into the porosity for 
that pore-throat size and for pores accessed through pore throats of that size (Katsube 
and Issler, 1993). 

Effective Porosify. The effective porosity of the specimen ($Hg) can be 
determined by summing up all partial porosity values. Partial porosity $a refers to the 

porosity contributed by each chosen range of pore-throat sizes (Katsube and Best, 
1992). Partial porosity $a is calculated for each pore-size range by using the volume of 

the intruded mercury at this size range and the bulk volume of the sample. The bulk- 
sample volume was determined with calculations involving the penetrometer (sample 
chamber) volume and its weight (with mercury, with sample and mercury). Katsube and 
Issler (1993) split $Hg into a $Hgl (sum of all $a from pore sizes 510 pm) and a $Hg, 
(sum of all +a from pore sizes 1250 pm). The reason for this split is that Q H ~ ~  might 
contain measurement errors induced by the space left between sample and penetrometer 
wall. $Hgl is more likely to reflect true effective porosity of the sample for pore sizes of 
3 to 10000 nm. 

Tabulation of partial porosities provides the distribution of pore-throat sizes for 
the analyzed specimen. Pore-throat-size data are grouped into size classes, with each 
decade of the logarithmic pore-throat-size scale being subdivided into 5 size ranges of 
equal physical spacing (Katsube and Issler, 1993; Katsube and Williamson, 1994). 

Geomefric Mean of Pore-Throaf Sizes. In addition to effective porosity and the 
range of pore-throat sizes, the geometric mean of the entire pore-throat-size distribution 
of a specimen can be calculated using the equation (Katsube and Issler, 1993) 

= partial effective porosity 
dHg = geometric mean of the entire 

pore-throat-size distribution 
da = geometric mean of distinct pore-size range 
n = number of distinct pore-size ranges. 
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Helium Porosimetry 

Principle. Helium porosimetry is based on the Boyle-Mariotte Law. A change in 
gas volume or gas pressure causes a commensurate change in gas pressure or volume, 
given that the temperature remains constant. Important for helium porosimetry is that 
an increase in available space causes the gas to expand resulting in the decrease in gas 
pressure (American Petroleum Institute, 1960; Luffel and Howard, 1988). 

Procedure. Prior to the petrophysical measurements, the specimens were dried in 
a vacuum oven at a temperature of 105°C for 24 h. Following oven drying the specimens 
were cooled in a desiccator. 

For helium porosimetry the specimen is placed into a steel chamber of known 
volume. Helium isothermally expands into the chamber from a reservoir of known 
volume and pressure until equilibrium pressure is reached (30 min to 1 h). From the new 
gas pressure the grain volume can be calculated. The bulk volume of the sample is then 
determined by immersion of the specimen in mercury (measuring volume of mercury 
displaced from a pycnometer, or measuring the buoyant force, based on the Archimedes 
principle). 

Effective Porosity. Effective porosity is calculated by subtracting the grain volume 
from the bulk volume, and dividing the result by the bulk volume of the specimen. 

QHe= effective porosity (determined with helium porosimetry) 
Vg = gain volume 
Vbimm = bulk specimen-volume measured with mercury 

immersion. 
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SAMPLING 

Cores 

Saprolite specimens for the petrophysical measurements were obtained from 
coreholes drilled into the Whiteoak Mountain thrust sheet on the ORR. The drill site is 
situated within Bear Creek Valley (Figure 6) along strike to the southeast of the Y-12 
Plant. Core material was available from coreholes GW-821, GW-822, and GW-823. The 
coreholes were drilled in June of 1994 using Rotasonic dry drilling for the regolith interval 
(soil and saprolite) and rotary drilling with water for bedrock (Moline and Schreiber, 
1995). The cores are nearly complete and undisturbed through the saprolite mantle and 
are described in detail by Schreiber (1995) and Moline and Schreiber (1995). The cores 
were laid out in sequence with increasing depth in Building 7042 ('core barn') at X-10 for 
sampling. The soil zone in the cores is thin and reaches to about 15 cm below the ground 
surface (Schreiber, 1995; M. Elless, pers. comm.). 

Sampling Intervals 

The cores were inspected and sampling intervals were chosen (Figure 7) based on 
the following criteria: 1) incorporation of the complete weathering zone above bedrock, 
2) availability of multiple macroscopically homogeneous specimens (analysis specimens; 
duplicate specimens for use in case of analysis-specimen failure), 3) absence of excessive 
deformation, and 4) availability of appropriate lithologies (groundmass and mudrock 
fragments, see below). Sampling intervals for saprolite groundmass were generally S7 

an in length, whereas sampling intervals for saprolite mudrock-fragments were generally 
115 cm in length. The code for the sampling intervals includes the corehole designation 
followed by an interval number (e. g., GW-823-7). The interval number is based on 
sequentially numbering the core intervals as used by Schreiber (1995) and Moline and 
Schreiber (1995) for core description. Appendix I provides an overview of sampling 
intervals, their code, drill depth (the median of the chosen sampling interval is used), 
and specimen type. Overall, 10 sampling intervals were selected from cores GW-822 
and GW-823. 

Saprolite Specimens 

Specimens for petrophysical analysis were selected from the chosen sampling 
intervals, with each sampling interval providing one specimen pair for analysis (one 
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specimen for helium porosimetry and one specimen for mercury porosimetry) and 
additional duplicate specimens for use in case of analysis-specimen failure. All 
specimens were of irregular shape. Overall, a total of 20 specimens were analyzed (10 
each with mercury and helium porosimetry). 

The saprolite cores were divided into two components: 1) groundmass, and 2) 
sedimentary rock fragments. Groundmass consists of heavily weathered mudrock 
material which still has coherence and shows original sedimentary and tectonic 
structures. Saprolite groundmass is plastic and easily deformable when moist or wet, 
and is friable and crumbly when dry. The groundmass constitutes most of the saprolite 
mantle and contains more rigid and harder, well defined sedimentary rock fragments. 
The vast majority of these "floating" fragments are mudrock, but also a few small 
siltstone/fine sandstone and rare larger limestone fragments were encountered. The 
mudrock fragments are similar to mudrock (bedrock) in appearance, but are noticeably 
softer when scratched with a knife. It was often observed that a larger piece of saprolite 
groundmass contained a more solid and harder mudrock fragment in its center, after the 
friable groundmass mantle was crumbled away. 

Mudrock-Fragment Specimens. Mudrock(1) fragments for analysis were pulled directly out 
of the moist saprolite groundmass. In the laboratory, the surface-dry fragments were 
carefully cleaned using dry and slightly damp kimwipe@ tissues, a toothbrush, and a 
small knife. No water was used for specimen cleaning (note: earlier sampled material 
was cleaned under running tap water, but this caused the mudrock fragments to become 
too fragile and the procedure was then discontinued). The mudrock-fragment specimens 
were 110 g. Ten specimens were used for petrophysical analysis, with 57 additional 
specimens retained as duplicates for use in case of analysis-specimen failure. 

Groundmass Specimens. Groundmass specimens for analysis were retrieved from core 
segments S7 cm in length. The segments were predominantly moist at the time of 
sampling but also two dry segments were used. The segments were put into an oven for 

(l) mudrock refers to all types of fine-grained siliciclastic rock, following the definition of 
Blatt et al. (1980); however, sampled material for petrophysical analysis (saprolite and 
bedrock) were predominantly mudstone and claystone, with subordinate mud-shale and clay- 
shale; no siltstone, silt-shale, or marlstone specimens were used for analysis. 
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48 h and dried at a temperature of 60°C. The result were dry and hardened but still 
brittle and friable core segments of saprolite groundmass. The core segments were then 
carefully broken into smaller coherent units using pliers, a knife and a screw driver. The 
smaller units were then prepared to size and cleaned under a laboratory hood using dry 
Emwipe* tissues, toothbrush, and knife. No water was used for specimen cleaning. 
The groundmass specimens were 18.55 g. Specimens with macroscopic cracks were 
discarded. All saprolite-groundmass specimens represent small coherent units devoid 
of visible cracks and fractures. Ten specimens were used for petrophysical analysis, 
with eleven additional specimens and several core segments retained as duplicates for 
use in case of analysis-specimen failure. 



Table I: Data on specimen grain density 6~ and 
specimen bulkdensity 6e for mudmck-saprolite specimens, 
Bear Creek Valley on the ORR. 

sampling interval k e  k.cn1-31 6& k.~m-3] specimen type 

GW-822-12 2.81 2.50 mudrock fragment 
GW-822-15 2.81 2.53 mudrock fragment 
GW-823-6 2.78 2.36 mudrock fragment 
G W-823-7 2.78 2.39 mudrock fragment 
GW-823-8 2.80 2.40 mudrock fragment 

G W-822-2 2.90 1.81 saprolite groundmass 
GW-822-3 2.87 1.92 saprolite groundmass 
G W-823-1 2.76 1.48 saprolite groundmass 
GW-8234 2.70 1.64 saprolite groundmass 
GW-823-5 2.72 1.91 saprolite groundmass 
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Specimen Grain-Density 

The data on grain density were obtained during helium porosimetry for 
specimens from the same sampling intervals as the data for bulk density. Overall, the 
specimen graindensity data are higher than the specimen bulkdensity data. 

to 2.81 g a r 3 ,  
with an arithmetic mean of 2.80 (k 0.02) g.cm3 (Table 1; Appendix 11). The data show 
only a minimal scatter and are virtually identical (Figure 8). 

g ~ m - ~  (Appendix 11) with a minimum value of 2.70 g - ~ m - ~  and a maximum value of 2.90 
gem" (Table 1). The scatter in the data is larger than for the saprolite mudrock- 
fragments, but is still small. 

For saprolite mudrock-fragments the values range from 2.78 

The saprolite groundmass-specimens display an arithmetic mean of 2.79 (k 0.09) 

~~~~ ~ ~ ~~~~ 
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PORE-THROAT-SIZE DATA 

Quantitative data on the sizes of pore throats and their distribution were 
obtained for all analyzed saprolite specimens by mercury porosimetry. The data are 
tabulated in detail in Appendix 111, and the resulting porethroat-size distribution curves 
for each saprolite specimen are shown in Appendix IV. 

Saprolite Mudrock-Fragments 

Porethroat-size distribution curves of saprolite mudrock-fragments (Figure 9; 
Appendix IV) are unimodal to bimodal and are skewed to the right (steeper slopes 
toward smaller throat sizes together with long and gentle slopes toward larger throat 
sizes). The pore-throat-size distributions show zero values at the higher end of the 
tested size spectrum and terminate abruptly at about 3 nm at the lower end of the 
tested size spectrum (Figure 9, Appendices 111, N). Therefore, the smallest pore-throat 
sizes encountered are in the size class with a mean of 3.2 nm, whereas the largest pore- 
throat sizes are in the size classes characterized by means of 794 nm, 1259 nm, and 
3162 nm (there can be smaller outliers) (Figure 9; Appendix III). The modes of the 
distribution curves reside within different size classes for different specimens, but fall 
consistently between 5 nm and 20 nm. The geometric means for the entire porethroat- 
size distribution of saprolite mudrock-fragments are very similar and range from 18 to 
28 nm (Appendix III). It is apparent from the distribution curves that the vast majority 
of the pores are accessed by pore throats smaller than 100 nm in size (Figure 9; 
Appendix IV). 

Saprolite Groundmass 

Porethroat-size distribution curves of saprolitegroundmass specimens (Figure 9; 
Appendix N), in contrast, are skewed toward the left (steeper slopes toward larger 
throat sizes with long and gentle slopes toward smaller throat sizes). Distribution 
curves commonly are unimodal (with smaller secondary modes) with pronounced modes 

Fig. 9: Typical pore-throat-size distribution curves for saprolite 
developed from mudrock of the Nolichucky Shale, Bear Creek Valley on the 
ORR. Vertical axis shows partial effective porosity in %, horizontal axis 
shows size of pore throats in nanometers. A, B, C show cumes for saprolite 
mudrock-fragments, D and E show curves for saprolitegroundmass specimens. 
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(Appendix IV). The modes reside within the size class with a mean of 1259 nm, with 
one example displaying the mode between 3000 and 5000 nm (Appendix In). Geometric 
means for the entire pore-throat-size distribution of saprolite-groundmass specimens are 
considerably higher than for saprolite mudrock-fragments and show a wide variation. 
The values range from 182 to 2201 nm, with the vast majority of the values being above 
850 nm. The smallest pore-throat sizes encountered are in the size class with the mean 
of 3.2 nm (one exception with 7.9 nm), as was the case for saprolite mudrock-fragments 
(Figure 9; Appendices III, N). At the higher end of the analyzed size spectrum, however, 
no zero values are reached and the curves appear to terminate abruptly at the reported 
size class with 7943 nm as a mean. The curves show that the vast majority of the pores 
are accessed by pore throats larger than 100 nm in size, in direct contrast to the data 
reported for saprolite mudrock-fragments (Figure 9; Appendix IV). 
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EFFECTIVE POROSITY DATA 

Helium Porosimetry 

Effective porosity values for saprolite specimens determined with helium 
porosimetry are shown in Table 2. The accuracy of the measurements is estimated to be 
within 10 to 20% of the measured value. 

For saprolite mudrock fragments the values range from 13.5 to 18.1%, with a mean 
of 16.1 (21.81% (Table 2; Appendix II). The scatter of the data is very small (Figure 10). 

The values obtained for suprolife-groundmass specimens, in contrast, are markedly 
higher with a minimum of 31.7% and a maximum of 51.6% (Table 2). The data also 
display a considerably larger scatter, with a mean of 39.0 (-Lt 7.5)% (Figure 10; Appendix 
n). 

Table 2 Data on effective porosity of saprolite specimens; 
t ) ~  refers to data obtained with helium porosimetry, whereas $e 
refers to data obtained with mercury porosimetry (Hgl: for pore throats 
510 pm, Hg2: for pore throats 9 5 0  pm). 

sampling interval ~pb [%I [%I +W [%I specimen type 

G W-822-12 16.7 8.8 9.2 mudrock fragment 
GW-822-15 13.5 10.7 11.2 mudrock fragment 
GW-823-6 18.1 13.7 14.0 mudrock fragment 
GW-823-7 15.1 122 12.8 mudrock fragment 
GW-823-8 17.3 9.5 10.1 mudrock fragment 

G W-822-2 38.9 22.0 23.7 saprolite groundmass 
GW-822-3 33.6 28.5 29.3 saprolite groundmass 
GW-823-1 51.6 29.5 37.5 saprolite groundmass 
GW-8234 39.3 26.7 38.2 saprolite groundmass 
GW-823-5 31.7 27.2 40.0 saprolite groundmass 
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Mercury Porosimetry 

Effective porosity data obtained with mercury porosimetry are reported in two 
forms (Table 2). Hgl-data refer to pores accessed by pore throats 110000 nm, whereas 
Hg2-data include pores accessed by pore throats 1250000 nm. Hgl-data are commonly 
judged as more reliable because they are less likely to include measurement errors than 
Hg2-data (Katsube and Issler, 1993). Hgl-data are used for saprolite mudrock- 
fragments. The shift of the pore-throat size spectrum toward larger sizes for saprolite 
groundmass (see above) makes it advisable, however, to use Hg2data for the saprolite- 
groundmass specimens. This entails the possibility, though, that added effective 
porosity is incorporated due to measurement errors. The small difference between Hgl- 
values and Hg2-values for saprolite mudrock-fragments (Table 2) indicates that most 
pore space is characterized by entry pore-throats 110000 nm in size. Two specimens of 
saprolite groundmass (G W-822-2, GW-822-3) show similarly small differences, again 
indicating that most interconnected pore space is accessed by pore throats c1OOOO nm 
in size. The larger differences between Hgl-values and Hg2-values for some saprolite- 
groundmass specimens (GW-823-1, GW-823-4, GW-823-5) (Table 2; Figure 10) simply 
reflect that a significant portion of pores are accessed by pore-throats in excess of 10000 
nm. Hgl-data are plotted for saprolite mudrock-fragments in Figure 10, whereas both 
Hgl- and Hg2-data are shown for saprolite-groundmass specimens, with Hg2-data 
considered to more likely reflect true effective porosity (see further discussion below). 
As for helium porosimetry, the accuracy of the measurements is estimated to be within 
10 to 20% of the measured value. 

Saprolite mudrock-fragments show a mean effective porosity of 11.0 (k 2.0)%, with 
minimum and maximum values of 8.8% and 13.7%, respectively (Table 2; Appendix 11). 
The scatter of the data is small (Figure 10). 

hand, are considerably larger, ranging from 23.7 to 40.0%, with a mean of 33.7 (k 7.0)% 
(Table 2; Appendix 11). The scatter of the data, furthermore, is considerably larger than 
for effective porosity data of saprolite mudrock-fragments (Figure 10). Hgl effective 
porosity data show maximum and minimum values of 29.5% and 22.0%, with a mean of 
26.8 (&2.9)% (Table 2; Appendix 11). 

Effective porosity data (Hg2) for saprolite-groundmass specimens, on the other 
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Calculated Interval Effective Porosity 

The saprolite mantle above bedrock is characterized by heavily weathered 
saprolite groundmass which contains less weathered fragments (mostly mudrock). For 
selected intervals of the saprolite mantle (Figure ll), matrix effective porosities were 
calculated using helium-porosimetry data. These calculations are based on: 

the selected sampling interval (either saprolite mudrock-fragment or saprolite 
groundmass effective porosity), 

analyzed from the selected sampling interval (either saprolite groundmass or saprolite 
mudrock-fragment effective porosity), and 

3) estimating the relative proportion of the two saprolite specimen-types 
(groundmass and mudrock-fragment) over the length of the chosen sampling interval. 

From the relative proportion of mudrock fragments and groundmass and their 
effective porosities, the interval effective porosity can be calculated. The data used for 
the calculation of interval effective porosities are provided in Appendix V. 

1) using the measured effective porosity value of the analyzed specimen type from 

2) assuming the complementary effective porosity value for the specimen type not 

As an example, consider saprolite sampling-interval GW-823-4. It is composed 
to approximately 97% of groundmass and to 3% of mudrock-fragments (Appendix V). 
A measured effective porosity value of 39.3% is available for the groundmass of this 
sampling interval. A complementary effective porosity value for mudrock fragments is 
not available and must be assumed. A value of 18.1% was chosen, because this is the 
highest measured mudrock fragment effective porosity value from sampling zones below 
sampling interval GW-823-4. This value is interpreted to best approximate the effective 
porosity of saprolite mudrock-fragments within sampling interval GW-823-4. The two 
effective porosity values are then multiplied by the estimated respective proportions of 
the specimen types within the chosen sampling interval, resulting in an effective porosity 
contribution of 38.12% from saprolite groundmass and of 0.54% from saprolite mudrock 
fragments. Adding up the two values finally provides the effective porosity of the 
saprolite matrix of the chosen sampling interval of 38.7% excluding macroscopically 
visible fractures. 

Note that there also can be carbonate-rock fragments (predominantly rare, but 
up to 10% in one interval) within the saprolite groundmass. The observed carbonate- 
rock fragments, however, are fresh, hard and "tight" indicating low levels of effective 
porosity. Because of their "tightness" and scarcity they are judged to be a negligible 
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addition to overall saprolite-matrix effective porosity. 
The results show that effective porosities of saprolite matrix for the chosen 

intervals range from a maximum 51.3% to a minimum of 26.2% (Figure 11; Appendix VI. 
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COMPARISON TO BEDROCK AND DISCUSSION 

The discussion section will include a comparison of the saprolite petrophysical 
data with petrophysical data obtained for bedrock specimens from the Nolichucky 
Shale within Bear Creek Valley (Dorsch et al., 1996). The Nolichucky Shale within Bear 
Creek Valley represents the parent material of the mudrock saprolite analyzed for this 
report. Bedrock petrophysical data are summarized in Appendix VI. 

Specimen-Density Data 

Grain-Density Data. Grain-density data for mudrock specimens from bedrock 
(Nolichucky Shale) display a mean of 2.77 (k 0.03) g-cm-3 (Appendix 11). These values 
and their negligible scatter are essentially identical to the values reported for saprolite 
mudrock-fragments (2.80 [k 0.021 g.mr3) (Figure 12). Furthermore, the arithmetic mean 
for saprolite groundmass-specimens (2.79 [& 0.091 gcm3) conforms to the means for 
mudrock fragments (bedrock and saprolite) (Appendix II). The scatter for groundmass 
specimens, however, is larger, although it is still small. This noticeable increase in scatter 
is interpreted to reflect the more severe chemical weathering experienced by the saprolite 
groundmass. The two graindensity values for saprolite groundmass above the normal 
trend (GW-822-3, GW-822-2) might indicate the addition of more dense mineral phases 
or the loss of some less dense mineral phases, again reflecting the influence of chemical 
weathering on the grain material and/or cement. At present, there is no petrographic 
information available to evaluate what solid material was lost or added during 
weathering and the development of saprolite. The most likely explanation is the 
addition of denser mineral phases, such as Fe-oxides and Mn-oxides. This explanation 
is supported by other observations within the upper, more weathered zones of 
saprolites developed from the Conasauga Group on the ORR (S. Y. Lee, pers. comm.). 
Overall, however, the solid material of the specimens appears to have remained similar 
for bedrock and saprolite mudrock-fragments, with some smaller changes for saprolite 
groundmass. 

Bulk-Densify Data. Bulk-density data, in contrast, fall into three distinct groups. 
Mudrock specimens from bedrock display the highest values with an arithmetic mean of 
2.70 (B.03) g a r 3  and negligible scatter (Appendices 11 and VI). Saprolite mudrock- 
fragments show lower values with a somewhat larger (but still small) scatter (2.44 
[fo.07] g ~ m - ~ ) ,  and saprolite-groundmass specimens display the lowest values with a 
distinctly larger scatter 1.75 [fo.19] g ~ m - ~ )  (Figure 12; Appendix 11). This trend toward 
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lower bulk-density values together with enlarging scatter (Figure 12) is interpreted to 
reflect the increasing effect of weathering. Void space per bulk volume of specimen 
material expands from bedrock mudrock, through saprolite mudrock-fragments, to 
saprolitegroundmass specimens. The increased effect of weathering might include a 
loss of cement, loss of some grain material, and a loosening of the fabric. This latter 
aspect results in the significantly less cohesive and more friable (but still cohesive) 
nature of the saprolite groundmass. The most noticeable loss is probably that of 
carbonate cement and carbonate grains (Lietzke et al., 1992; S. Y. Lee, pers. comm.). 
Changes in bulk density are considerably more drastic when compared to changes in 
grain density, reflecting a significant increase in void space but only a comparatively less 
notable change in the nature of the remaining solid mineral phases. 

Densify Data with Depth. Density data plotted against depth (Figure 13) again 
show the general uniformity of the specimen grain-density values from bedrock toward 
the top saprolite zone. The distinct veering toward lower values for specimen bulk- 
density and the increased difference from graindensity data from the same sampling 
interval is interpreted to characterize a weathering profile from bedrock toward the 
shallow saprolite zones. 

Pore-Throat Size Data 

Mudrock specimens from the Nolichucky Shale (bedrock) from Bear Creek Valley 
display unimodal (rarely bimodal, with strongly weaker secondary modes) pore-throat- 
size distribution curves skewed toward the right. All curves terminate abruptly at about 
3 nm, and the vast majority of pores is accessed by pore throats 400 nm in size 
(Dorsch et al., 1996; Figure 14). These characteristics match the characteristics of 
saprolite mudrock-fragments. The pore-throat-size distribution curves of specimens 
GW-822-12 and GW-823-8 especially resemble in overall shape and location of modes 
(5 nm size class) the pore-throat-size distribution curves of bedrock specimens 
(Appendix IV; Figure 14). Important differences are, however, that the area under the 
curves is significantly larger for saprolite mudrock-fragments than for bedrock mudrock 
(Figure 14). This reflects the higher effective porosities of saprolite mudrock-fragments. 
Commensurate with this increase in area under the distribution curves, the overall 
throat-size spectrum shifts to the right and toward larger throat sizes (Figure 141, 
exemplified by the shift of modes from 5 nm (bedrock specimens; GW-822-12, GW-823- 
8) to 20 nm (GW-823-7, GW-822-15, GW-823-6). 
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saprolite specimens, Bear Creek Valley on the ORR. Maximum depth is 201.19 m, 
minimum depth is 0.46 m; depth is given as below ground surface (note log-scale on 
depth axis). 
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In marked contrast to mudrock specimens (bedrock and saprolite), saprolite- 
groundmass specimens display pore-throat-size distribution curves which are skewed 
toward the left. Furthermore, the majority of pores is accessed by pore throats 2100 nm 
in size (Appendix N), and the throat-size spectrum is shifted even further to the right 
and toward larger throat sizes (Figure 14). 

The overall shift of the pore-throat-size distribution curves to the right and 
toward larger throat sizes from bedrock mudrock, to saprolite mudrock-fragments, to 
saprolite groundmass (Figure 14) again reflects the increasing degree of changes brought 
on by chemical weathering. It is conceivable that cement lining pores and pore throats, 
clogging pore throats, and filling pores was (partially) removed during Weathering, 
resulting in both an increase in effective porosity and an increase in the sizes of pore 
throats. The dissolved mineral phase was most likely carbonate cement (Lietzke, 1992; 
S. Y. Lee, pers. comm.). 

While this observation is valid for comparing the different specimen types 
(bedrock, saprolite mudrock-fragments, saprolite groundmass), there are exceptions to 
the trend of decreasing weathering effects with depth apparent within the separate 
saprolite specimen-groups. For saprolite mudrock-fragments, a decrease in weathering 
influence might be surmised from the pore-throat-size distribution curves with depth 
(Figure 3, except for the anomalous character of specimen GW-822-15. This, however, 
might simply indicate that weathering zones have rather irregular boundaries and do not 
necessarily conform to parallelism with the ground surface (Figure 15; compare to Figure 
2; Lietzke et al., 1988, pp. 8 to 9; see also Lee et al., 1992). The same holds true for the 
group of saprolite-groundmass specimens retrieved closer to the ground surface (Figure 
15). 

Measured data on pore-throat sizes and their distribution may be useful in 
evaluating whether pore throats can act to exclude or retard certain contaminant species 
from accessing the interconnected saprolite-matrix pore space through diffusion. 
Compared to mudrock specimens from bedrock (Dorsch et al., 1996), size exclusion of 
contaminant species appears to be of lesser significance because of the overall shift of 
the pore-throat size spectrum toward larger throat sizes for saprolite specimens (Figure 
15). Nevertheless, small pore throats are still present within the saprolite matrix with 
the potential to influence contaminant transport by diffusion. 
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Fig. 15 Simplified illustration of the inferred boundaries of weathering 
zones within a saprolite mantle; based on spot measurements from two sections 
and interpretation of the resulting pore-throat-size distribution curves; note that 
boundaries of weathering zones are irregular in outline and are not parallel to 
the ground surface. 
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Pore-throat size data from saprolite specimens can be used to aid in the 
interpretation of tracer behavior. McKay et al. (1995) performed microbial tracer 
experiments within the saprolite mantle (developed from Nolichucky Shale) of Bear 
Creek Valley on the ORR. Colloidal tracers for the experiments included bacteriophages 
PRD-1 (diameter of 62 nm) and MS-2 (diameter 26 nm), INA (a dead bacteria strain 
with an average diameter of 1000 nm), and also fluorescent polymer microspheres 
(diameter of 100 nm). The faster migration of the colloid-sized tracers, when compared 
to non-reactive solute tracers (He, Ne; Sanford and Solomon, 1995), is attributed to 
diffusion of the solute tracers into the saprolite-matrix pore space but not of the larger 
sized colloidal tracers (McKay et al., 1995). McKay et al. (1995) interpret the large loss 
of colloids with distance from the injection well to be the result of filtration and 
sorption. The fast transport of colloid-sized tracers is accomplished within the 
interconnected fracture network of the saprolite mantle. The effective porosity provided 
by this fracture network was not determined but is believed to be relatively small, 
compared to the effective porosity of the saprolite matrix (Sanford, pers. corn.) .  

Figure 16 shows the pore-throat size distributions of the analyzed saprolite- 
groundmass specimens (see Appendix ID). Groundmass is volumetrically the by far 
dominant part of the saprolite matrix. Superimposed on the curves are the sizes of 
colloidalsized tracers. It is apparent that the pore-throat sizes are large and abundant 
enough to allow access of colloidal tracers into the saprolite-matrix pore space. Matrix 
diffusion is absent or minimal for colloidal tracers not because of size exclusion 
(especially for PRD-1 and MS2), but probably because of relatively small diffusion 
coefficients. The reduction in concentration of colloidal tracers might be explained by 
infiltration of colloidal tracers into the saprolite-matrix pore space through active flow, 
either from the injection borehole into the wall of the borehole or from fractures into 
fracture walls. The smaller sized colloidal tracers (PRD-1 and Ms-2) have more of the 
pore space available for infiltration (Figure 16) and will show a more severe reduction in 
concentration, as reported by McKay et al. (1995). 

Fig. 16 Pore-throat-size distribution curves of saprolite groundmass 
specimens with superimposed sizes of colloidal tracers. The tracers (and their 
diameter) are as follows 1 - MS2 (26 nm), 2 - PRD-l(62 nm), 3 - polymer 
microspheres (100 nm), 4 - INA (average of loo0 nm). For deeper intervals of 
the saprolite mantle, saprolite-groundmass specimen GW-823-5 probably 
provides the best approximation of throat sizes and their distribution. All 
documented pore-throat sizes fall within the micropore category for soils, as 
proposed by Luxmoore (1981). 
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Effective Porosity Data 

Comparison of Effedive Porosities. Effective porosity values of saprolite specimens 
based on helium porosimetry are higher than effective porosity values based on mercury 
porosimetry (Table 2; Figure 17). This observation is in accordance with earlier studies 
on bedrock mudrock from different sedimentary basins (Issler and Katsube, 1994; 
Dorsch et al., 1996). The lone exception is the Hg-2 data for saprolite-groundmass 
specimen GW-823-5 (Table 2; Figure 17). 

A characteristic of all pore-throat-size distribution curves of analyzed saprolite 
specimens (except GW-823-1) is their abrupt termination at a pore-throat size of about 
3 nm (Appendix IV). This corresponds to the analytical limit of commonly available 
mercury porosimeters, which cannot produce intrusion pressures high enough to force 
mercury into pores accessed by pore throats S3 nm. The discrepancy between helium 
effective porosities and mercury effective porosities most likely reflects that the 
analyzed specimens possess pore space sheltered by pore throats 13 nm in size, 
precluding characterization by mercury but still allowing access by helium (Katsube, 
1992; Xssler and Katsube, 1994). This is in accordance with observations and 
interpretations on mudrock specimens from the Conasauga Group (bedrock) on the ORR 
(Dorsch et al., 1996). Based on this interpretation, the helium effective porosity data 
should be considered as a true reflection of the (maximum) effective porosity of the 
analyzed saprolite specimens. 

throat-size distribution curves (based on Hgldata; Appendix IV). This might provide 
the opportunity for pore space sheltered by pore throats larger than about 8000 nm in 
size (not reported in the mercury data) which might add to the difference between 
helium and mercury effective porosities. 

The large differences in helium and mercury effective porosities for saprolite- 
groundmass specimens GW-822-2 and GW-823-1 deserve special consideration. Pore- 
throat-size distribution curves (Appendix IV) show zero or very low values for pore- 
throat sizes from about 30 to about 5 nm for GW-822-2 (and less pronounced for GW- 
823-1). Then it appears that pore-throat sizes smaller than about 5 nm again are 
present. This observation might reflect the possibility of a secondary creation of pore 
throats 15 nm in size through progressive chemical weathering. The increase in the 
difference between helium and mercury effective porosities in the most weathered zones 
might be explained by these added pore throats 15 nm (and especially 53 nm) in size 
and their difference in accessibility to mercury and helium. 

Saprolite-groundmass data show also a truncation at about 8000 nm in the pore- 
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Fig. 17: Diagram plotting effective porosity based on merrury porosimetry 
against effective porosity based on helium porosimetry. Specimens are from 
Nolichucky Shale (bedrock) and from saprolite (mudrock fragments and 
groundmass), Bear Creek Valley on the ORR. Hgl-data are plotted throughout, 
and in addition Hg2-data for saprolite-groundmass specimens. Bedrock specimens 
with anomalously low effective porosity values based on helium porosimetry (see 
Dorsch et al., 1996) were disregarded. 
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A remaining problem is saprolitegroundmass specimen GW-823-5 whose Hg2- 
effective porosity exceeds helium effective porosity (Table 2). Reexamination of partial 
porosity data above pore-throat size 10000 nm showed a large amount of mercury 
intrusion at a size of 13000 nm. This most likely reflects a microcrack of diameter 13000 
nm, which was not present in the groundmass specimen from the same sampling interval 
analyzed with helium porosimetry. (It is important to reiterate, that specimens with 
visible cracks were not used in analyses.) Specimen GW-823-5 was the only example 
showing this effective porosity signature. This can be interpreted to indicate that the 
other groundmass specimens were probably devoid of microcracks of a size >8000 nm. 
The occurrence of the microcrack might reflect heterogeneity on that scale within the 
sampling interval or might indicate an origin during the drying process for this single 
specimen. 

The scatter for saprolite mudrock-fragments is small for helium and mercury 
effective porosities, whereas for saprolite-groundmass specimens the scatter is larger. 
This corresponds to observations on specimen density data and is interpreted to 
indicate the increased effect of weathering on saprolite-groundmass specimens. 

Comparison to Bedrock. Mudrock specimens from the Nolichucky Shale (bedrock) 
show a mean effective porosity of 11.8 (&2.2)% based on helium porosimetry with a 
minimum and maximum value of 9.9% and 14.7% (Appendices II, VI) (note: only 
reliable helium-porosimetry data were used, n = 4; see discussion in Dorsch et al., 
1996). Mercury-porosimetry data, in contrast, are much lower with a mean of 3.9 
W.7)% and a range from 2.7% to 5.1% (Appendices XI, VI). 

than for bedrock mudrock, with their scatter being virtually identical (Figure 18). There 
is a distinct increase in value and scatter, however, for saprolite-groundmass specimens. 
Mercury-porosimetry data separate into distinct groups, with a stepwise increase in 
effective porosity from bedrock mudrock, through saprolite mudrock-fragments, to 
saprolite-groundmass specimens (Figure 18). 

saprolite groundmass is again interpreted to reflect the increasing degree of changes 
associated with weathering. Dissolution of pore- and porethroat-lining cement 
(predominantly carbonate) during chemical weathering enlarged pores and pore throats 
and can explain the increase in effective porosity from bedrock to saprolite mudrock 
fragments. Even more intense weathering and further dissolution of cement and of grain 
material, together with mechanical loosening of the grain fabric, may have caused the 

Helium-porosimetry data for saprolite mudrock-fragments are slightly higher 

The increase in effective porosity and in scatter from bedrock mudrock to 
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drastic increase in effective porosity and scatter for saprolite groundmass. 
The larger difference between effective porosity based on helium porosimetry and 

on mercury porosimetry for bedrock mudrock compared to saprolite Iqudrock-fragments 
might reflect that a larger part of the interconnected pore space in bedrock mudrock is 
sheltered by access pore-throats 13 nm in size (Dorsch et al., 1996). Weathering 
reduced the fraction of pore throats 13 nm for saprolite mudrock-fragments and mercury 
was able to characterize a larger fraction of the interconnected pore space. Helium, on 
the other hand, is not inhibited from accessing pore throats 13 nm in size (Katsube, 
1992; Issler and Katsube, 1994). 

Effective Porosities with Depth. A trend toward increasing effective porosity with 
decrease in depth is clearly discernible from the tightly clustered helium-porosimetry 
(only reliable data from bedrock) and mercury-porosimetry data when progressing from 
bedrock into the saprolite zone (Figure 19). This trend continues from saprolite 
mudrock-fragments to saprolite-groundmass specimens. The more drastic "jump" 
toward higher effective porosity values from saprolite mudrock-fragments to saprolite 
boundmass is caused by comparing mudrock fragments to groundmass. Saprolite 
groundmass occurs also at depths from which saprolite mudrock-fragments were 
collected (and vice versa), although in a smaller proportion. A comparison of 
groundmass (or mudrock fragments) throughout the saprolite mantle is expected to yield 
the same trend of increasing effective porosity with decreasing depth, albeit this trend is 
presumed to be smoother with a less severe "jump" in effective porosity values. The 
same statement applies for the drastic "jump" in bulk-density values within the saprolite 
mantle (Figure 13). 

The effective porosity trend with depth reflects the decrease in weathering and 
associated changes with depth. The general depth profile is more complicated when the 
data within the two saprolite specimen groups (mudrock fragments and groundmass) 
are compared. Mercury-porosimetry data for saprolite mudrock-fragments conforms to 
the weathering picture developed from the analysis of pore-throat-size distribution 
curves (Figure 151, whereas helium-porosimetry data do not. Anomalously high helium- 
porosimetry data for GW-822-12 and GW-823-8, however, fall within the uncertainty of 
the analysis method. Helium-porosimetry data for saprolite groundmass correspond 
exactly to the weathering picture developed from the analysis of pore-throatsize 
distribution curves (Figure 15), as do most of the mercury-porosimetry data. Exceptions 
are specimens GW-823-5 (Hg2-data, explained above) and GW-822-2 (Hgl- and Hg2- 
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Fig. 19: Effective porosity with depth for Nolichucky Shale and saprolite 
specimens, Bear Creek Valley on the ORR. Maximum depth is 201.19 m, minimum 
depth is 0.46 m; depth is given as below ground surface. IMS refers to effective 
porosity obtained with the water-immersion method, mercury-p. and helium-p. refer 
to effective porosity obtained with mercury and helium porosimetry, respectively 
(note log-scale on depth axis). 
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data are too low). The anomalously low mercury-porosimetry values (compared to the 
corresponding helium-porosimetry value) for specimen GW-822-2 probably emphasize 
newly created pore throats 15 nm in size caused by continued weathering (Appendices 
111, IV; see discussion above). Pore throats of this size shelter larger pores which cannot 
be accessed by mercury (lower detection limit of about 3 nm) but by helium. 

specimen groups support the notion of irregularly-shaped boundaries of weathering 
zones within the saprolite mantle as developed previously from the analysis of pore- 
throat-size distribution curves (Figure 15). 

Overall, however, the effective porosity data within the different saprolite- 

Calculated interval effective porosities show an exponential decrease in effective 
porosity with depth (Figure 20). This is interpreted to clearly show the increasing effect 
weathering had on the rock material with decreasing depth. Note the smooth transition 
toward lower effective porosity values with depth within the saprolite mantle. The 
prominent jump in petrophysical data within the saprolite mantle, observed in Figures 
13 and 18, is missing. A distinct jump toward lower effective porosity values (matrix), 
however, will occur at the saprolite-bedrock interface (compare to Lietzke et al., 19881, 
with average mudrock (bedrock) effective porosities (helium ) of 11.8% (maximum 
14.7%) (Appendix 2; Figure 20) vs. 26.2% as the lowest saprolite-matrix effective 
porosity value. 

The calculated saprolite matrix effective porosities conform to the picture of 
weathering zones and their boundaries (Figure 151, although the differences are more 
subtle (especially below 5 m depth). 

modeling of contaminant behavior. They constitute quantitative data on saprolite- 
matrix effective porosities over a larger saprolite volume, instead of effective porosities 
for small-volume specimens as used for petrophysical analysis. Furthermore, interval 
effective porosities incorporate the contribution of both types of saprolite materials, 
groundmass and "floating" mudrock fragments. The largest degree of uncertainty with 
these calculated effective porosity data is probably provided by the visual estimation of 
the proportion of groundmass vs. mudrock fragments for the chosen saprolite intervals. 

The interval effective porosities are judged to be meaningful, especially for the 
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CONCLUSIONS 

1. Specimens of mudrock saprolite from Bear Creek Valley, developed from 
Nolichucky Shale through weathering, were analyzed with helium and mercury 
porosimetry (Table 3). The undisturbed and fresh cores of the saprolite mantle yield 
two types of specimens: the volumetrically dominating, more extensively weathered 
saprolite groundmass and saprolite mudrock-fragments contained within the saprolite 

2. Saprolite mudrock-fragments possess average bulk-densities of 2.44 gem”, 
and average grain-densities of 2.80 gem-3.  Helium effective porosities are 16.1 % and 
mercury effective porosities are 11.9% on average. 

g c m - 3  and average graindensities of 2.79 g a r 3 .  Helium effective porosities are 39.0% 
and mercury effective porosities are 33.7% (Hg2) or 26.8% (Hgl) on average. 

values from mercury porosimetry for the same sampling interval. Mercury effective 
porosities are lower because of mechanical limitations of the analytical equipment. 
Helium effective porosities, therefore, are considered to provide the best estimates of the 
true (maximum) effective porosity of the analyzed specimens. 

5. Petrophysical data display a consistent trend from bedrock mudrock, to 
saprolite mudrock-fragments, to saprolite groundmass: effective porosities (both helium 
and mercury) increase and specimen bulk-densities decrease, together with an increase in 
scatter of the data. This is interpreted to reflect the progressive effect of weathering on 
the rock material. Cement and some grain material was probably lost during weathering 
together with a gradual loosening of the grain fabric. 

distribution curves skewed toward the right with modes from 5 to 20 nm. Most of the 
pores are accessed by pore throats e100 nm in size. In marked contrast, pore-throat- 
size data for saprolite-groundmass specimens show normal distribution curves skewed 
toward the left with modes ranging from 1200 to 5000 nm. Most of the pores are 
accessed by pore throats >lo0 nm in size. The apparent shift of the throat-size 
spectrum toward larger sizes when progressing from bedrock mudrock, through saprolite 
mudrock-fragments, to saprolite groundmass reflects the progressive effect of 
weathering, with loss of pore-mng, pore-throat-lining and -plugging cement. 

weathering zones are irregular in outline and do most likely not conform to the ground 

groUndmasS. 

3. Saprolite-groundmass specimens possess average bulkdensities of 1.79 

4. Effective porosity values from helium porosimetry are generally higher than 

6. The pore-throatsize data for saprolite mudrock-fragments show normal 

7. The pore-throat-size distribution curves also reveal that the boundaries of 



Table 3 Summary of petrophysical information on saprolite specimens (groundmass 
and mudrock fragments) from Bear Creek Valley on the ORR. The saprolite developed from 
Nolichucky Shale of the Conasauga Group through weathering. Petrophysical data for 
Nolichucky Shale bedrock from Bear Creek Valley are provided in Appendix VI (compare also 
to Dorsch et ai., 1996). t$ refers to effective porosity determined with helium porosimetry (He) 
or mercury porosimetry (Hgl, Hg2, see text for discussion), whereas 6 refers to specimen density 
(He = grain density, @ = bulk density); d e  refers to the geometric mean of the entire specimen 
pore-throat size distribution. 

Sampling Interval Corehole Depth $& Q ~ g l  $ H a  d k  8% SpecimenType 
[ml [%I [%I [%I [nml kean-3i k-m-3i (saprolite) 

GW-823-1 
GW-822-2 
GW-822-3 
GW-823-4 
G W-823-5 

GW-823-6 
GW-823-7 
GW-823-8 
GW-822-12 
GW-822-15 

GW-823 
GW-822 
GW-822 
GW-823 
GW-823 

GW-823 
GW-823 
GW-823 
GW-822 
GW-822 

0.46 
1.40 
1.98 
2.55 
3.22 

3.79 
4.37 
5.84 
6.25 
7.24 

51.6 
38.9 
33.6 
39.3 
31.7 

18.1 
15.1 
17.3 
16.7 
13.5 

29.5 37.5 2201 2.76 1.48 groundmass 
22.0 23.7 870 2.90 1.81 groundmass 
28.5 29.3 182 2.87 1.92 groundmass 
26.7 38.2 1823 2.70 1.64 groundmass 
27.2 40.0 934 2.72 1.91 groundmass 

13.7 14.0 27 2.78 2.36 mudr. fragment 
12.2 12.8 24 2.78 2.39 mudr. fragment 
9.5 10.1 25 2.80 2.40 mudr. fragment 
8.8 9.2 18 2.81 2.50 mudr. fragment 
10.7 11.2 28 2.81 2.53 mudr. fragment 
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surface. The data indicate, furthermore, the probable creation of an additional 
population of pore throats c5 nm in size for the most weathered specimens of saprolite 
groundmass, most likely caused by continued weathering. 

and varied estimates) yield values between 51.3% and 26.2%. The values decrease 
exponentially with depth and mirror the decreasing influence of weathering on the rock 
material with depth. The calculated interval effective porosities incorporate larger 
volumes of saprolite matrix and integrate both groundmass and mudrock-fragment 
effective porosities of the chosen saprolite intervals. These data appear of special 
significance for modeling and evaluating matrix diffusion as a transport process within 
the saprolite mantle. 

8. Calculated interval effective porosities (based on petrophysical measurements 
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APPENDIX I: Sampling Intervals 

Summary information on sampling locations of specimens: designation of 
sampling intervals, cores, drill depths (below ground surface), and 
specimen type. 'Saprolite groundmass' and 'mudrock fragment' designate 
specimens from Nolichucky Shale saprolite, whereas 'mudrock (bedrock)' 
designates specimens from Nolichucky Shale bedrock within Bear Creek 
Valley. 

Sampling Interval Corehole Drill Depth Specimen Type 

GW-822-2 
GW-822-3 
GW-823-1 
GW-823-4 
GW-823-5 

GW-822-12 
GW-822-15 
GW-823-6 
GW-823-7 
GW-823-8 

A16 
A17 
A18 
A19 
A20 
A21 
A22 
A23 
A24 
A25 

GW-822 4' 7" (1.40 m) saprolite groundmass 
GW-822 6' 6" (1.98 m) saprolite groundmass 
GW-823 1' 6" (0.46 m) saprolite groundmass 
GW-823 8' 4" (2.55 m) saprolite groundmass 
GW-823 10' 7" (3.22 m) saprolite groundmass 

GW-822 20' 6' (6.25 m) 
GW-822 23' 9'' (7.24 m) 
GW-823 12' 5" (3.79 m) 
GW-823 14' 4" (4.37 m) 
GW-823 19' 2" (5.84 m) 

GW-134 
GW-134 
GW-134 
GW-134 
GW-134 
GW-134 
GW-134 
GW-134 
GW-134 
GW-134 

mudrock fragment 
mudrock fragment 
mudrock fragment 
mudrock fragment 
mudrock fragment 

145' 1 0  (44.45 m) mudrock (bedrock)* 
191' 2" (58.27 m) mudrock (bedrock)* 
263' 5" (80.29 m) mudrock (bedrock)* 
327' 5" (99.80 m) mudrock (bedrock)" 
359' 4" (109.53 m) mudrock (bedrock)' 
497' 4" (151.59 m) mudrock (bedrock)* 
519' 3" (158.27 m) mudrock (bedrock)* 
563' 10" (171.86 m) mudrock (bedrock)* 
617' 3" (181.14 m) mudrock (bedrock)* 
660' 1" (201.19 m) mudrock (bedrock)* 

* indicates specimens analyzed for an earlier study on C O M S ~ U ~ ~  
Group mudrock (Dorsch et al., 1996). 



5 6  

APPENDIX 11: Statistical Measures 

Some statistical measures calculated for specimens of Nolichucky Shale 
(bedrock) and saprolite (mudrock fragments and groundmass) from Bear 
Creek Valley on the ORR. Density measures are in g-cm-3 and porosity 
measures are in %. Abbreviations: x = arithmetic mean, sx = standard 
deviation, n = is number of specimen analyses, min = minimum value, 
max = maximum value. Data for bedrock specimens are from Dorsch et 
al. (1996). Note that helium-porosimetry measures for bedrock 
specimens lists only reliable values (see further detail in Dorsch et al., 
1996). 
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APPENDIX 111: Results - Pore-Throat Sizes 

Tabulation of pore-throat size data obtained with mercury porosimetry. 
Abbreviations are as follows: d (nm) refers to the geometric mean pore- 
throat sizes for the different pore-throat-size ranges (expressed in 
nanometers), @a refers to the partial porosity (expressed in percent), 
$Hgl refers to effective porosity measured by mercury porosimetry for 
pore-throat sizes SI0 pm (expressed in percent), 4 1 ~ ~ 2  refers to effective 

porosity measured by mercury porosimetry for pore-throat sizes 1250 p 
(expressed in percent), and dHg refers to the geometric mean of the entire 
pore-throat-size distribution (expressed in nanometers) for the analyzed 
specimen. 



GW-822-12 GW-822-15 GW-823-6 

d (nm) 

3.2 
5 

7.9 
12.6 
20 

31.6 
50.1 
79.4 
126 
200 
316 
501 
794 
1259 
1995 
3162 
5012 
7943 

$H a1 [%I 
@ H a 2  [%I 
dHltltmr3 

Qa [%I 
0.85 
1.95 
1.32 
1.27 
1 .00 
0.65 
0.75 
0.50 
0.25 
0.15 
0.07 
0.05 
0.02 
0.00 
0.00 
0.00 
0.00 
0.00 

8.8 
9.2 
18 

$a [%I 

0.53 
1.54 
1.04 
1.72 
1.79 
1.04 
1.36 
0.73 
0.35 
0.23 
0.18 
0.05 
0.05 
0.05 
0.00 
0.03 
0.00 
0.03 

10.7 
11.2 
28 

Qa [%I 

0.45 
1.27 
1.39 
1.96 
2.64 
1.65 
2.10 
1.13 
0.45 
0.21 
0.12 
0.07 
0.14 
0.02 
0.02 
0.05 
0.02 
0.00 

13.7 
14.0 
27 

GW-823-7 

$a [%I 

0.79 
1.77 
1.87 
2.08 
2.15 
0.86 
1.17 
0.55 
0.31 
0.17 
0.12 
0.07 
0.12 
0.05 
0.05 
0.05 
0.00 
0.00 

12.2 
12.8 
24 

GW-823-8 

$a [%I 

0.67 
1.99 
1 .a 
1.46 
1.27 
0.60 
0.65 
0.53 
0.22 
0.14 
0.12 
0.02 
0.00 
0.00 
0.00 
0.17 
0.00 
0.00 

9.5 
10.1 
25 

G W-822-2 

$a [%I 

0.04 
0.05 
0.00 
0.00 
0.00 
0.00 
0.04 
0.80 
1.14 
1.57 
2.01 
2.42 
4.09 
5.75 
2.01 
0.92 
0.65 
0.20 

22.0 
23.7 
870 

GW-822-3 

$a [%I 

0.61 
1.65 
1.11 
1.25 
1.40 
1.09 
1.80 
2.07 
1.96 
2.15 
2.45 
2.42 
2.84 
3.18 
1.36 
0.63 
0.38 
0.17 

28.5 
29.3 
182 

GW-823-1 GW-823-4 

Qa [%I 

0.00 
0.09 
0.03 
0.06 
0.13 
0.10 
1.36 
1.55 
1.14 
0.95 
1.04 
1.06 
1.80 
3.98 
3.82 
5.60 
5.60 
1.14 

29.5 
37.5 
2201 

Qa [%I 

0.38 
0.64 
0.72 
0.74 
0.79 
0.65 
1.05 
1.13 
0.95 
1 .OS 
1.05 
1.36 
2.51 
5.12 
4.65 
0.90 
2.36 
0.65 

26.7 
38.2 
1823 

GW-823-5 

$a [%I 
0.50 
1.70 
0.86 
1.03 
1.13 
0.88 
1.15 
1.59 
I .70 
1.83 
1.59 
1 .a7 
2.46 
3.76 
2.04 
1.70 
1.18 
0.21 

27.2 
40.4 
934 



6.00 
5.50 
5.00 
4.50 
4.00 
3.50 
3.00 
2.50 
2.00 
1.50 
1 .00 
0.50 
0.00 
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APPENDIX I V  Pore-Throat-Size Distribution-Curves 

Pore-throat-size distribution curves for Nolichucky Shale saprolite 
specimens from Bear Creek Valley on the ORR analyzed with mercury 
porosimetry. 

1 10 loo00 
porethroat size [nm] 

5.50 
5.00 
4.50 
4.00 
3.50 
3.00 
2.50 
2.00 
1.50 
1 .00 
0.50 
0.00 

1 10 100 loo00 

G W-823-8 

porethroat size [nm] 
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loo00 

6.00 I 

GW-822-15 

5.50 GW-823-6 
5.00 
4.50 
4.00 
3.50 
3.00 
2.50 
2.00 
1.50 
1 .00 
0.50 
0.00 

i io  lo0 
pore-throat size Inml 
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1 10 100 
porethroat size Inml 

loo0 loo00 

G W-822-3 5.50 - 
5.00 - 
4.50 - 
4.00 - 
3.50 - 
3.00 - 
2.50 - 
2.00 - 
1.50 - 
1.00 - 
0.50 - 
0.00 I I I 

1 10 100 

pore-throat size [nml 
loo0 loo00 

5.50 j 
5.00 G W-823-1 
4.50 - 
4.00 - 
3.50 - 
3.00 - 
2.50 - 
2.00 - 
1.50 - 
1.00 - 
0.50 - 
0.00 1 I 

1 10 100 loo0 loo00 
powthroat size [nml 
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2.00 
1.50 
1 .00 
0.50 

1 10 100 lo00 loo00 
pore-throat size [nml 

5.50 - G W-823-5 
5.00 - 
4.50 - 
4.00 - 
3.50 - 
3.00 - 
2.50 - 
2.00 - 
1.50 - 
1.00 - 
0.50 'L 

b 0.00 ! I I I 
1 10 100 lo00 1[ 

pore-throat size [nml 
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APPENDIX V. Data for Calculation of Interval Effective Porosity 

Summary of data used for the calculation of interval effective porosity of 
saprolite developed from Nolichucky Shale, Bear Creek Valley on the 
ORR. Depth range is given as below ground surface. Effective porosity 
data were determined with helium porosimetry, judged to more likely 
provide accurate (maximum) effective porosity values. Assumed 
effective porosity values are to complement measured effective porosity 
values for the different sampling intervals. The assumed value for 
mudrock fragments is the highest effective porosity value from a mudrock 
fragment below interval 5. It is judged as the most weathered 
petrophysically tested mudrock fragment and is interpreted to best 
approximate the effective porosity of mudrock fragments within intervals 
1 to 5. The assumed value for groundmass is the lowest effective 
porosity value from a groundmass specimen above interval 6. It is judged 
as the least weathered petrophysically tested groundmass specimen and 
is interpreted to best approximate the effective porosity of saprolite 
groundmass within intervals 6 to 15. For intervals 1 through 5, the 
assumed value (for mudrock fragment) probably is a minimum value 
which makes the calculated interval effective porosities also minimum 
values (note, however, that these intervals are strongly dominated by 
groundmass, reducing severely the impact of mudrock fragment effective 
porosity). For intervals 6 through 15, the assumed value (for 
groundmass) probably is a maximum value which makes the calculated 
interval effective porosities also maximum values. The largest degree of 
uncertainty is provided by visually estimating the proportion of 
groundmass vs. mudrock fragments within the chosen saprolite intervals. 
Intervals 6 through 15 have a higher degree of uncertainty, with interval 
15 providing the most difficulty for estimation. 



depth range proportion specimen eff. porosity [%I calculated interval 
interval corehole (below ground surf.) fragments groundmass fragments groundmass eff. porosity [ % J 

1 GW-823 
2 GW-822 
3 GW-822 
4 GW-823 
5 GW-823 
6 GW-823 
7 GW-823 
8 GW-823 
12 GW-822 
15 GW-822 

0.3 m to 0.9 m 
0.9 m to 1.5 m 
1.5mto2.1m 
2.1 m to 2.7 m 
2.7 m to 3.4 m 
3.4 m to 4.0 m 
4.0 m to 4.6 m 
5.6 m to 6.1 m 
5.8 m to 6.4 m 
7.0 m to 7.3 m 

0.01 
0.01 
0.01 
0.03 
0.05 
0.30 
0.25 
0.37 
0.37 
0.27 

0.99 
0.99 
0.99 
0.97 
0.95 
0.70 
0.75 
0.63 
0.63 
0.73 

18.1" 
18.1' 
18.1* 
18.1" 
18.1' 
18.1 
15.1 
17.3 
16.7 
13.5 

51.6 
38.9 
33.6 
39.3 
31.7 
31.7" 
31.7" 
31.7" 
31.7" 
3 1 7  

51.3 
38.7 
33.5 
38.7 
31 .O 
27.6 
27.6 
26.4 
26.2 
26.8 

* assumed effective porosity values 
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APPENDIX VI: Nolichucky Shale Petrophysical Data 

Summary of petrophysical data for Nolichucky Shale specimens 
(bedrock) from Bear Creek Valley on the ORR. Data are from Dorsch et 
al. (1996) who also provide additional detail. Abbreviations: = 
specimen grain-density, 8~~ = specimen bulk-density, dHg = geometric 
mean of the entire pore-throat-size distribution for the analyzed 
specimen, + H ~  = effective porosity based on helium porosimetry, QHg = 
effective porosity based on mercury porosimetry, and @IMS = effective 
porosity based on the immersion-saturation method. Drill depths are 
given in meters below ground surface. All data are from specimens 
obtained from corehole GW-134. 



A16 
A17 
A18 
A19 
A20 
A21 
A22 
A23 
A24 
A25 

44.4s 
58.27 
80.29 
99.80 
109.53 
151.59 
158.27 
171.86 
181.14 
201.19 

2.73 
2.78 
2.79 
2.79 
2.76 
2.79 
2.70 
2.79 
2.77 
2.80 

2.69 
2.70 
2.71 
2.69 
2.77 
2.70 
2.68 
2.67 
2.69 
2.67 

31.9 
51.2 
25.4 
42.7 
56.6 
51.9 
58.2 
38.0 
23.1 
49.8 

9.9 
12.2 
3.2 
2.9 
4.9 
3.9 
4.7 
14.7 
4.1 
10.4 

2.7 
3.4 
3.8 
4.3 
4.3 
4.0 
5.1 
4.2 
3.7 
3.2 

9.46* 
1 1.52* 
12.04* 
13.29 
15.87 
9.16 
11.60 
11.95 
11.74 
10.57 

* average effective porosity of reliable IMS 
specimens 
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Internal Distribution 

1. L. D. Bates, 1001, MS-7169 

2. F. P. Baxter, 3504, Ms-6317 

3. D. M. Borders, 1509, MS6400 

4. H. L. Boston, 4500-N, MS6200 

5. H. M. Braunstein, 13OMlT, MS-6282 

6. A. J. Caldanaro, 1509, MS-6400 

7. R. B. Clapp, 1509, MS-6400 

8. K. W. Cook, 1330, MS-7298 

9. T. L. Cothron, 1001, MS-7155 

19. J. H. Cushman, 1059, M W  

11. N. H. Cutshall, C207, MS-7172 

12. M. F. P. DeLozier, 1037, MS-7355 

13. A. F. Dieffendorf, 1509, MS-6400 

14. W. E. Doll, 1509, MS-6400 

15-21. J. Dorsch, 1509, MS-6400 

22. R. B. Dreier, 1509, MS-6400 

23. T. 0. Early, 1509, MS-6400 

24. J. M. Forstrom, 0303-8, MS-7314 

25. D. E. Fowler, 1505, MS-6035 

26. C. W. Francis, 3504, MS6317 

27. D. W. Frazier, 4500-N, MS-6198 

28. B. J. Frederick, 4500-N, MS-6204 

29. S. B. Garland, 11,7078-B, MS-6402 

30. C. W. Gehrs, 1505,6036 

31. P. L. Goddard, 1330, MS-7298 

32. J.-P. GWO, 4500-N, MS6203 

33. C. S. Haase, 1330, MS-7298 

34. R. D. Hatcher, Jr., 1509, MS-6400 

35. D. S. Hicks, 1509, MS-6400 

36. S. G. Hildebrand, 1505, M W 3 7  

37. J. Hodgins, 9983-58, MS-8248 

38. Lucius Holder, Jr., 3001, MS-6029 

39. D. D. Huff, 1509, MS-6400 

40. G. K. Jacobs, 1505, MS6036 

41. W. K. Jago, 9207, MS-8225 

42. P. M. Jardine, 1505, MS-6038 

43. S. B. Jones, 9207, MS-8225 

44. P. Kanciruk, 0907, MS-6490 

45. R. H. Ketelle, 4500N, MS-6185 

46. B. L. Kimmel, 4500-S, MS-6125 

47. A. J. Kuhaida, 7078-B, W 0 2  

48. R. R. Lee, 45004, Ms6185 

49. S. Y. Lee, 1505, MS-6038 

50. P. J. Lemiszki, 1509, MS.6400 

51. R. S. Loffman, 4500-S, MS-6102 

52. R. J. Luxmoore, 1505, MS-6038 

53. J. F. McCarthy, 1505, MS-6036 

54. L. W. McMahon, 9116, MS-8098 

55. G. R. Moline, 1509, Ms-6100 

56. C. M. Momssey, 1505, MS-6035 

57. P. J. Mulholland, 1505, MS-6036 
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