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ABSTRACT 

Morphological descriptions, borehole 
geophysics, hydraulic properties from samples, and 
a ponding experiment were used to characterize a 
layered, heterogeneous, desert soil sequence at 
Yucca Mountain, Nevada. Nine major horizon units 
were identified using standard morphologic 
techniques and borehole geophysics. The borehole 
geophysical logging data correlated well with the 
observed horizons from the exposure andor the 
corresponding washout zones. In addition, the 
geophysical logs provide a quantitative estimate of 
porosity for the horizons with porosity ranging from 
25 to 55 percent. As part of an infiltration 
experiment, over 50,000 liters of water were applied 
to a 3.5 m diameter ring during a 14 day period. 
The final wetting depth was 5 meters. When water 
application was stopped, redistribution allowed 
water to continue downward to a maximum depth of 
7.4 meters in the next several months. Water content 
measurements made over time indicate that the 
horizons had a major influence on the flow of water 
in the soil and may have caused over 80 percent of 
the water applied to move laterally. 

I. INTRODUCTION 

Yucca Mountain, Nevada, is currently being 
evaluated as a potential site for a geologic repository 
for high level radioactive waste.' Hydrologic 
evaluation of the unsaturated zone of Yucca 
Mountain is being conducted as an integrated set of 
surface and subsurface-based activities with a 
common objective to characterize the temporal and 
spatial distribution of water flux through the 
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potential repository. Yucca Mountain is covered with a 
thin to thick layer of colluviavalluvial materials, where 
there are not bedrock outcrops. It is across this surface 
boundary that all infiltration and all exfiltration occurs. 
This surface boundary effects water movement through 
the unsaturated zone. Characterization of the 
hydrologic properties of surficial materials is then a 
necessary step for short term characterization goals and 
for long tern modeling. 

Characterization of the infiltration related 
hydrologic properties involves a series of field and 
laboratory tests under controlled conditions. An 
important field approach involves the use of infiltrometer 
and ponding tests combined with borehole geophysics. 
Ponding tests characterize processes of infiltration, 
drainage, and redistribution to depths of several meters. 
Borehole geophysics is used to produce continuous 
records of wet bulk density, porosity and initial 
saturation prior to the ponding experiment and changes 
in saturation during the experiment. 

The ponding data, when combined with the surface 
flux data measured as an application rate, provides 
information necessary to characterize the top several 
meters of the surficial materials. The objectives of this 
study were to test these different approaches and to 
characterize hydrologic and physical properties in a 
layered skeletal desert alluvial soil sequence by (1) 
comparing described morphological horizon units to 
those units obtained by geophysical techniques and (2) 
to monitor the controlled application of a large quantity 
of water through a skeletal desert alluvial soil sequence. 
Numerical modeling of the experiments described in this 
paper are presented in a companion paper? 
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A. Location and Description 

RADIOACI’IVE WASTE MANAGEMENT 

Yucca Mountain is located 150 km northwest 
of Las Vegas in southern Nevada (Figure 1). The 
mountain consists of nonwelded and welded tuffs 
with very large ranges in their physical and 
hydrologic character. Unconsolidated alluvium fills 
or partially fills the washes that dissect Yucca 
Mountain and forms the surficial deposits on broad 
intemdge areas and flats near Yucca Mountain? 
Alluvium thickness in the washes generally ranges 
from 0.3 to > 20 meters? The climate is arid; 
average annual precipitation is estimated to be 170 
mmlyr.4 

r ia  m 
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Figure 1. Map of Yucca Mountain, Nevada with 
study site indicated. 

A neutron access borehole, UE25 UZN #85 
(N85), located along the edge of Forty Mile Wash 
(Figure I), was chosen for this experiment. This 
24.7 m deep borehole was drilled approximately 
three meters from the edge of an eighteen meter 
vertical cliff. This is the only neutron borehole 
where there is an almost completely exposed section 
next to the borehole. The major deposits at N85 are 
from braided or meandering streams or from alluvial 
fans. The sediment load was largely sand and 
gravel, which were deposited as bars in rapidly 
shifting channels. Although the fluvial materials are 
exceedingly complex, there is order and predictive 
value within the various depositional elements. The 
base of each major horizon (depositional sequence) 

is defined by a boulder andor petrocalcic layer. ’& 
material above the boulder layer is composed of m& 
and gravel that fine upward. Each major depositional 
unit resulted in the creation of a major horizon. 

11. METHODS 

A. Site Description and Soil Characterizaton 

The morphology and horizonal sequences of 
cliff exposure near N85 was recorded in detail using the 
f o m  and horizon nomenclature of Chapter 4 of the 
Soil Survey Manual? Depth of each horizon and 
individual unit thickness were measured by climbing the 
exposed sequence (Table 1). Bulk samples weighing 
approximately 10 kg were taken from each horizon! 
The bulk samples were weighed and sieved with a 2 mm 
sieve (No. 10). The material that passed through the 
sieve was thoroughly mixed, weighed, and stored in 
cardboard containers.6 The fraction that did not pass 
through the sieve was weighed and placed in cauvas 
bags. Particle size distribution wa5 performed on the 
less than 2 mm fraction using a modification of the 
hydrometer method described by Gee and Bauder.’ 
Weighted averages of the particle size date for each of 
the 9 major horizons are given in Table 2. A saturated 
hydraulic conductivity &J for each layer was 
calculated using the particle size analysis data for each 
layer and are given in Table 2.’ 

Water retention data ( 0 , ~ )  for a selected single 
horizon for each major horizon were collected using a 
stepped equilibrium drainage pr~cedure.~ Tempe cells 
and soil pressure extractors were used to collect data in 
the pressure potential range of 0.0 to -0.1 m a .  Drier 
retention data in the potential range of -0.15 MPa to 
-1000 MPa were collected by evaporating water from 
wetted soil samples for varying lengths of time, allowing 
the samples to equilibrate in a closed container, and then 
measuring the water content gravimetrically and the soil 
water potential with a chilled mirror psychrometer. The 
water retention data was expressed as saturation (S) 

where 8 is the measured volumetric water content and 
0, is the measured saturated water content from the 
Tempe cell data. The measured volumetric water 
contents were calculated from the measured mass water 
contents and the bulk density of the soil in the Tempe 
cells. 



The parameters in the van Genuchten water 
retention relationship were estimated for each of the 
layers." This relationship is : 

where S is saturation, w is water potential (Pa) and 
a pa-') and n are fitting parameters. The values of 
a and n for each layer were estimated using the 
procedure NLIN in SAS and are given in Table 1 ." 
The predictive hydraulic conductivity equation given 
by van Genuchten as used for the hydraulic 
conductivity relations hi^.'^ This equation is: 
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K(S) = K, SOJ [1-(1-S4=)"]2 (3) 

where K(S) is the unsaturated hydraulic conductivity 
as a function of saturation (ds), K, is the saturated 
hydraulic conductivity (ds), m=l-Ih, and n is the. 
estimated parameter in the water retention 
relationship. 

Table 1. Horizon names, depths and related major 
horizonal unit. 

B. Borehole Geophysics 

A hand held neutronmoisture meter was used to 
determine changes in moisture content with depth. 
Truck mounted geophysical tools (natural gamma, 
neutron porosity, and compensated gamma-gamma 
density tools) were used to identify distinct horizons 
and provided wet bulk density, water content, and 
porosity measurements. The geophysical tools were 
calibrated using other boreholes on Yucca Mountain 
where core properties were determined. Multiple tool 
runs were used to check insmunent operation and 
various tool decentralizing schemes. 

C. Ponding Experiment 

A ponded infiltrometer constructed of a 3.5 m 
diameter ring was used to study infiltration into the 
layered skeletal desert soil sequence. The ponded 
infiltration experiment involved the application of 50,000 
liters of water into the soil under a constant 10 cm head 
during a 14 day period. Vertical water movement was 
monitored with a neutron probe. After 14 days, the 
infiltration experiment was terminated, the surface 
covered with plastic, and the redistribution of water was 
monitored with the neutron probe. 

Horizon Depth (cm) Major Horizon # 111. RESULTS AND DISCUSSION 

Bk 
Btk 
Btkm 
Ckl 
Ck2 
2Btkmbl 
2Btkmb2 
2Ckb 1 
2Ckb2 
2Ckb3 
3Ckb 
4Ckb 
5Ckbl 
5Ckb2 
5Ckb3 
5Ckb4 
6Ckb 1 
6Ckb2 
6Ckb3 
6Ckb4 
6Ckb5 
7Ckbl 
7Ckb2 
7Ckb3 

0 to 9 
9 to 30 
30 to 70 
70 to 100 
100 to 120 
120 to 240 
240 to 360 
360 to 415 
415 to 545 
545 to 610 
610 to 700 
700 to 790 
790 to 880 
880 to 925 
925 to 955 
955 to I 150 
1150 to 1300 
1300 to 1330 
1330 to 1395 
1395 to 1475 
1475 to 1600 
1600 to 1660 
1660 to 1750 
1750 to 1880 

1 
1 
2 
3 
3 
4 
4 
5 
5 
5 
6 
6 
7 
7 
7 
7 
8 
8 
8 
8 
8 
9 
9 
9 

A. Field and Soil Characterization 

The exposed vertical cliff was subdivided into nine 
definable horizon units based on general morphology 
which was due to the episodic depositional and erosional 
cycles that occurred in the vicinity of N85. Each of the 
nine major horizons were subdivided based on specific 
morphology, for a total of 25 horizons (Table l).' For 
purposes of this discussion, only the nine major horizons 
will be discussed. 

Each of the nine horizons were distinguished by 
the coarse materials at the base of the unit (boulder 
layers) and particle size fining upward within the vertical 
sequence. The entire vertical sequence was the result of 
several of these episodic sedimentation cycles. The 
upper units were also affected by CaCO, and/or SiO, 
deposits. Three distinct petrocalcic (caliche or calcrete) 
horizons are present in the upper 8 meters. The unit 
nearest the surface represents the modem zone of 
carbonate accumulation. The lower two well cemented 
units are paleosols (buried soils) and represent past 
periods of carbonate accumulation.'2 In all cases these 
petrocalcic horizons represent possible zones of 
restriction for the downward movement of water. 
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The estimated soil water retention parameters 
(a and n) in equation (2) are given in Table 2. 
There was not large variation in the values of these 
p m e t e r s  within the soil profile. For the nine 
identified soil layers, the average value of a is 
8.79E-4 Pa-' (SD-7.70E4 Pa-') and the average 
value of n is 1.22 (SD-0.0673). The estimated K, 
values are also reasonably uniform except for the 
low value of the top layer. These values were 
estimated using only particle size distribution data 
and their suitability for flow modeling has not been 
determined. The hydraulic properties of the different 
layers are similar based solely on their measured 
properties. 

B. Borehole Geophysics 

Only four of the five geophysical logs were 
useful in providing hydrologic information. The 
natural gamma log data appears to be insensitive to 
the previously identified horizons (Figure 2). The 
counts from the short spaced and long &aced 
gamma-gamma detectors are inversely correlated 
with wet bulk density. The peaks seen in the logs 
corresponded to zones of low wet bulk density (high 
porosity) and are well correlated with either different 
horizon or washout zones that may exist behind the 
borehole casing (Figure 2). Counts from the short 
space detector neutron log are positively correlated 
with water content and the counts form the long 
spaced detector neutron are negatively correlated 
with water content. This results in an approximate 
pseudo mirror image of counts verses depth (Figure 
2). The correlation between neutron counts and the 
layers is due to a correlation between water content 
and the layers. These logs provided both a 
qualitative and quantitative view of horizons in the 
stratigraphic section. 

Water contents from the logs can be subtracted 
from the wet bulk density measurements to obtain a 
dry bulk density profile. Porosity can be calculated 
as 1 minus the bulk density divided by the grain 
density. For these soils a grain density of 2.55 Mg 
M-3 is assumed, based on previous laboratory 
measurements, and can be used to calculate porosity 
versus depth (Figure 3). In most cases, the bases of 
the nine major horizons are represented by the higher 
porosity zones. These higher porosity zones are 
most likely washout zones that exist behind the 
borehole casing. The dual peaks for both the short 
and long spaced detectors suggests that there is a 
washout zone behind the casing and are most likely 
artifacts of the drilling process. The sensitivity of 

the density logs to these washout zones are a good 
measure of the validity of the neutron logs. - 

The porosity profile was compared to the water 
content profile determined from the wettest measurement 
made at each depth in the borehole (Figure 3). The first 
1.5 meters appeared to be fully saturated and compared 
well with the porosity calculations. It also appeared that 
the water contents did not reach Saturation at depths 
below 1.5 meters. The driest measurement made at 
each depth is included in Figure 3 as a reference for 
total change seen during the duration of the experiment. 
It should be noted that these are not actual logs but 
simply a plot of the maximum or minimum water 
content ever measured at a specific depth over the 
duration of the experiment. 

C. Ponding Experiment 

An initial neutron moisture meter reading was 
measured at N85 prior to the-start of the ponding 
experiment. The surface water contents (upper 1 m) 
were relatively wet due to rainfall events that had 
occurred in the previous two weeks. After the 10 cm 
head of water was established at the neutron hole casing, 
neutron measurements were taken every hour for the 
first 60 hours, and at selected intervals for the remaining 
337 hours. 

The water was initially restricted by the upper 
petrocalcic horizon, however water moved through this 
1 meter thick- horizon after 3 hours (Figure 4a). Water 
moved to a depth of 3 meters over the next 20 hours. 
Based on the neutron logs it appeared that the water was 
restricted at the 3 meter depth by the next petrocalcic 
horizon (unit 4). Numerical modelit$ (presented in a 
companion paper) and the density log data indicated that 
this area is a washout zone and the neutron meter was 
unable to detect the water in this region. 

The third petrocalcic unit (top of the unit at 
approximately 5 meters) (unit 5 )  also appeared to restrict 
the downward movement of water through hour 122. 
Water content increased in the unit above this horizon 
(Figure 4b). However, the density logs for this area also 
indicated a washout zone. For the remainder of the 
ponding experiment, the moisture content increased 
slightly in the third petrocalcic unit (Figure 4c). At 
hour 337 (14 days) the ponding experiment was 
terminated. All water was removed from the ring and 
plastic was used to seal the soil surface to inhibit 
evaporation. 
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The redistribution of water within the horizod 
sequence was monitored with the neutron probe for 
the next 47 days. For the first 51 hours after 

ceased (Figure Sa), there was no detectable 
in the water content below a depth of 3 

mete&. The surface horizons drained, but this water 
was not detected in the lower units. It is suspected 
that this water was moving laterally at the unit 
contacts, rather than vertically. Between hours 51 
and 149 draining water moved through the final 
petrocalcic unit and wetted to a depth of 
approximately 7 meters (Figure 5b). As with the 
other horizons, the density logs for this area 
suggested a washout zone. For the remainder of the 
drainage cycle the only major change in water 
content was a slight increase around the 7 meter 
depth (Figure 5c). 

Although 50,000 L of water were applied, the 
wetting front was only able to advance to a depth of 
7.4 meters. There is a large discrepancy between the 
water applied to the large outer ring and a mass- 
balance calculation from the neutron moisture meter 
logs (Figure 6). Neutron log measurements can only 
account for approximately 18 percent of the total 
volume of water applied. The remaining 82 percent 
of the water could not be accounted for by neutron 
probe measurement. This indicates that the majority 
of water is moving laterally versus vertically through 
these types of horizonal sequences. It is quite 
apparent that the various petrocalcic horizons and 
boulder layers have a strong hydrologic control on 
the direction of water movement in this heterogenous 
system. 

IV. SUMMARY AND CONCLUSIONS 

The exposure of a gravelly desert alluvial soil 
sequence along Forty Mile Wash provided an 
excellent opportunity to evaluate surface based 
testing strategies to estimate the presence or absence 
of restrictive horizons, such as petrocalcic horizons 
or boulder layers. The combination of the 
geophysical logging and the ponding experiment 
provided a picture of the physical and hydrologic 
properties of these desert soil sequences. 
Geophysical logging is a useful tool for determining 
the presence of washout zones behind borehole 
casing. The density logs are also a useful indxator 
of the appropriateness of the neutron probe 
measurements. An equivalent of more than 30 years 
of precipitation was allowed to infiltrate into the 
surface yet no measurable change in water content 
was detected deeper than 7.4 m. 
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The presence of petrocalcic horizons in the 
subsurface has an important implication for reducing net 
infiltration. These horizons hold water near the surface 
where active evapotranspiration processes occur, and 
may hindering the downward movement of water. 
However, the effects of these restrictive layers only 
occur during ponded conditions. A further implication 
of these observations and measurements is that 
measurements in a single neutron hole in the 
heterogenous alluvial soils of Yucca Mountain may 
seriously underestimate the total surface flux of water. 
Runoff in a channel may allow for large volumes of 
infiltration but may go undetected due to lateral flow 
caused by restrictive horizons. This mechauism will, 
however, reduce net infiltration considerably by 
maintaining infiltrated water near the surface. 
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Table 2. Measured physical and hydraulic properties of the 9 major horizons at the N85 experimental location. 

0-0.3 
0.3-0.7 
0.7- 1.2 
1.2-3.6 
3 66 .1  
6.1-7.9 
7.9-11.5 
1 1.5- 16.0 
> 16.0 

.3 3 
-3 6 
.27 
.34 
.39 
.3 1 
.27 
.29 
.27 

.63 

.79 

.63 

.80 

.72 

.72 

.68 

.7 1 

.7 1 

.26 

.17 

.3 1 

.18 

.25 

.26 

.3 0 

.28 

.25 

.07 

.02 

.05 

.o 1 

.o 1 

.o 1 

.o 1 

.01 

.03 

.04 

.02 

.o 1 

.01 

.02 

.o 1 

.o 1 

.o 1 

.o 1 

3.8B6 
3.2E-4 
8.3E-4 
1.4E-3 
3.5E-4 
1.3E-3 
1.253 
1.253 
1.153 

9.45E-4 1.17 
5.1854 1.29 
2.7953 1.28 
8.46E-4 1.13 
4.7954 1.17 
3.64E-4 1.21 
6.35E-4 1.33 
1.1053 1.19 
2.30E-4 1.18 
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Figure 2. Geophysical logs taken at N85. 
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Figure 3. Comparison of wet and dry neutron logs to calculate 
porosity values obtained with the geophysical logs. 
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