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Abstract: Subsurface temperature data from a borehole located in a desert wash were measured and used to delineate the cond
advective heat transfer regimes, and to estimate the percolation quantity associated with the 1997–1998 El Nin˜o precipitation. In an arid
environment, conductive heat transfer dominates the variation of shallow subsurface temperature most of the time, except during
precipitation periods. The subsurface time-varying temperature due to conductive heat transfer is highly correlated with the
atmospheric temperature variation, whereas temperature variation due to advective heat transfer is strongly correlated with prec
events. The advective heat transfer associated with precipitation and infiltration is the focus of this paper. Disruptions of the sub
conductive temperature regime, associated with the 1997–1998 El Nin˜o precipitation, were detected and used to quantify the percolati
quantity. Modeling synthesis using a one-dimensional coupled heat and unsaturated flow model indicated that a percolation per
of 0.7 to 1.3 m height of water in two weeks during February 1998 was responsible for the observed temperature deviations do
depth of 35.2 m. The reported study demonstrated quantitatively, for the first time, that the near surface temperature variation
advective heat transfer can be significant at a depth greater than 10 m in unsaturated soils and can be used to infer the percolatio
in thick unsaturated soils.
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Introduction

Heat transfer in soils occurs commonly by two mechanisms: co
duction and advection. Heat conduction is a thermal diffusio
process where energy is transmitted through in-place media
both solid and fluid. Heat advection, on the other hand, occurs
thermal energy is transported within a moving fluid. The sourc
of conductive heat transfer in soils under natural conditions a
geothermal gradients and atmospheric temperature variati
~e.g., Stallman 1965!, whereas the sources for advective he
transfer are fluid flow in both liquid~e.g., Bredehoeft and Papa
dopulos 1965! and gaseous phases~e.g., Stallman 1967!.

Because the geothermal gradient varies spatially but is inva
ant temporally, the time-dependent temperature profiles due
heat conduction in shallow soils are strongly controlled by th
atmospheric temperature variation. Typically, a high correlati
between the atmospheric temperature and the subsurface temp
ture is observed in situ when heat conduction is the dominat
mode ~e.g., Hillel 1980!. On the contrary, shallow subsurface
temperature variation due to fluid flow is strongly correlated wi
precipitation events or changes in groundwater flow~e.g., Tanigu-
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chi 1993; Osterkamp et al. 1995; Constantz an
Thomas 1997!.

The aforementioned characteristics of heat transfer in so
have been used to understand groundwater flow, percolation, a
recharge. For example, steady temperature profiles in satura
zones have been used to estimate groundwater flow velocity~e.g.,
Bredehoeft and Papadopulos 1965; Sammel 1968; Cartwrig
1979; Lu and Ge 1996! and percolation rates~e.g., Suzuki 1960;
Wierenga et al. 1970; Sammis et al. 1982!. Steady state tempera-
ture profiles have, in particular, been used to quantify groundw
ter recharge rates~e.g., Cartwright 1970; Nightingale 1975; Boyle
and Saleem 1979; Sharma and Taniguchi 1993; Taniguchi, 199!.

Recently, transient temperature profiles have been used to
timate infiltration rates in stream beds~Silliman and Booth 1993;
Constantz et al. 1994; Silliman et al. 1995; Constantz and Th
mas 1997!, and ponded soils~Jaynes 1990!. Transient temperature
profiles have been measured in shallow unsaturated zones~e.g.,
Wierenga et al. 1970; Osterkamp et al. 1995! and used as a quan-
titative basis for estimation of percolation flux.

Previous studies on soil temperature variations due to adve
tive heat transfer identified several distinct features:~1! signifi-
cant advective heat transfer is required to disrupt the annual sin
soidal wave considerably at depths greater than 1 m;~2! advective
heat transfer may disturb the subsurface sinusoidal temperat
waves, depending on the surface percolation rate and the tempe
ture of the percolated water; and~3! advective heat signals can
travel much faster and deeper than conductive signals, depend
on the permeability, porosity, and thermal conductivity of the soi

This paper reports time-series temperature profiles in situ in
thick unsaturated soil beneath a desert wash over a period o
years and uses these temperature data to capture the large sur
infiltration associated with the 1998 El Nin˜o event. Specifically,
we extend the application of using transient temperature profil
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Fig. 1. Locations of Nevada Test Site, Exploratory Studies Facility, and potential repository at Yucca Mountain, Nevada
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to quantify the infiltration amount through the unsaturated allu-
vium of a desert wash. Subsurface temperature data collected
from 1995 to 2000 from a borehole located in Pagany Wash near
Yucca Mountain, Nev. are used to delineate the conductive and
advective heat transfer regimes and to quantify the percolation
quantity associated with the 1997–1998 El Nin˜o precipitation.

Experimental Site

The Yucca Mountain Project is a scientific study by the U.S.
Department of Energy~DOE! to evaluate the potential for geo-
logic disposal of high-level radioactive waste in an unsaturated-
zone desert environment. The potential repository site at Yucca
Mountain is located approximately 130 km northwest of Las
Vegas, Nev. near the DOE Nevada Test Site~Fig. 1!. The thick-
ness of the unsaturated zone at the potential repository site ranges
from approximately 300 to 600 m. The U.S. Geological Survey
~USGS! has been conducting geologic and hydrologic studies of
the potential repository site for the DOE. These studies are to
quantify the geologic and hydrologic characteristics of Yucca
Mountain and to conceptualize and model heat, air, and liquid
flows at the potential repository site.

One of the Yucca Mountain scientific studies was the USGS
Surface-Based Monitoring Program~SBMP!. The study consisted
of six vertical boreholes instrumented with thermistors, pressure

transducers, and thermocouple psychrometers to provide data
the spatial and temporal distributions of temperature, pressur
and relative humidity of the unsaturated zone. The overall goal o
the SBMP was to gain a better understanding of the distribution
and transfer of heat, pressure, and moisture in the unsaturat
zone. One of the SBMP boreholes was the area 25 unsaturate
zone borehole UE-25 No. 4~UZ-4 as shown in Fig. 2!.

Borehole UZ-4, which was instrumented in July 1995, was
located in the alluvial deposits of Pagany Wash, a stream-carve
dry channel located to the northeast of Yucca Mountain and th
proposed repository site~Fig. 2!. One goal of the borehole UZ-4
monitoring program was to provide some insight into infiltration
recharge through the alluvial deposits of the dry stream channel
This potential source of infiltration and groundwater recharge
may be significant because in areas of low precipitation percola
tion of runoff in channels is often the largest source of ground-
water recharge~Stephens 1996, p. 115!.

The winter of 1997–1998 was an El Nin˜o winter and was
wetter than normal. Plots of the 1990–1999 monthly average tem
perature for the Amargosa Farms at Garey, Nev. and monthl
average precipitation for the WT-2 Wash at Yucca Mountain, Nev
are presented in Fig. 3. The Amargosa Farms are located approx
mately 30 km south of Yucca Mountain. Although precipitation
and temperature vary with location and elevation, it is the relative
values that are important for this study. Fig. 3~b! shows several
JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / NOVEMBER 2003 / 1041



Fig. 2. Locations of borehole UZ-4, WT-2 Wash, and Jackass Flats
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periods of increased precipitation that were associated with the El
Niños of 1991–1992, 1993, 1994, and 1997–1998. During the
winters of 1994–1995 and 1997–1998, flowing water was seen
and measured in some of the usually dry channels at Yucca
Mountain ~C.S. Savard, personal communication, 1999!. Rain
gauge data from WT-2 Wash and Jackass Flats~see Fig. 2 for
locations! had precipitation values of 0.1732 and 0.1346 m, re-
spectively, for the period February 3, 1998 to February 25, 1998
~W. J. Davies, written communication, 1999!. The average annual
precipitation at Yucca Mountain ranges from 0.13 m in the south-
ern part of the mountain to 0.25 m at the higher elevations in the
north ~Rousseau et al. 1999, p. 10!. These large precipitation
events can result in surface runoff and concentrated flow in the
washes, leading to a high potential for percolation beneath the
washes. Because the winter precipitation is generally much cooler
than the subsurface temperature, the percolated water can cause
significant temperature decreases in the subsurface.

The instruments installed in borehole UZ-4 provided data on
the temperature and pressure disruptions associated with infiltra-
tion and the movement of the wetting front through the alluvium

in Pagany Wash. The disruptions of the thermal gradient and th
annual temperature wave provide a quantitative basis for estima
tion of the percolation amount.

Borehole Instrumentation

Borehole UZ-4 had a total depth of 127.7 m and was instru-
mented in June 1995. The surface equipment consisted of an in
strument shelter and a wellhead box~Fig. 4!. The instrument shel-
ter contained the data acquisition equipment. The wellhead bo
was connected to the instrument shelter by a 20 m long PVC pip
containing the borehole instrument cables. The PVC pipe wa
buried in the alluvium approximately 0.3–1.0 m deep. The well-
head box was approximately 2 m in diameter, 2.0 m in height,
was made of steel with a steel lid sealed at the top, and was burie
in the alluvium approximately 1.7 m deep. The borehole had a
total of 11 instrument stations ranging in depth from 3.1 m to a
maximum of 111.9 m. The borehole was uncased with steel pip
with the exception of the upper 18.4 m, where casing was re
quired to keep the hole open for installation. The diameter of the
1042 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / NOVEMBER 2003



Fig. 3. Graph showing 1990–1999 monthly~a! average temperature at Amargosa Farms, Nevada, and~b! total precipitation at WT-2 Wash, Yucca
Mountain, Nevada
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borehole varies slightly; the cased portion is 0.24 m, the uncased
portion is 0.22 m. The three shallowest stations~3.1, 6.1, and 9.1
m in depth! were instrumented with thermistors (60.005°C by
Yellow Springs, Model YSI 46033! to measure temperature. The
deeper stations were instrumented with thermistors to measure
temperature, and air pressure transducers (61.5 Pa by Druck,
Model PDCR 930/U! to measure absolute air pressure. The ther-
mistors and air pressure transducers were installed inside the cas-
ing, and the casing in the measurement station packers was filled
up with fine silica beads to ensure a good contact with the sur-
rounding steel pipe or rocks. Gypsum grout was used to seal the
space between the adjacent packers. Thermistors were also in-
stalled in the wellhead box and the PVC pipe. The downhole

sensors were operated with constant current to eliminate the
sistance effects of the variable length electrical wires. Data we
collected electronically each 5 to 10 min during the entire 5-ye
measurement period.

The data presented here were collected from the upper
instrument stations located at depths of 3.1, 6.1, 9.1, 11.1, 24
and 35.2 m. Fig. 4 presents a schematic of the borehole geolo
and the relative locations of the upper six instrument stations
borehole UZ-4. The upper four stations were located in the all
vium of Pagany Wash. Station 24.5 m was located in the Pain
brush Tuff welded Tiva Canyon lower vitric unit and station 35.2
m was located in the Paintbrush Tuff nonwelded Yucca Mounta
unit. Stations 3.1, 6.1, 9.1, and 11.1 m were installed in the cas
JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / NOVEMBER 2003 / 1043
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interval of the borehole. The casing was slotted to ensure a go
connection between the instrument stations and the rock. Stati
11.1, 24.5, and 35.2 m were installed in protective shells a
suspended in a medium of sand and polyethylene beads. T
lengths of the sand and bead station intervals ranged from 3.7
5.2 m with the sensors located near the centers of the interv
Filling the remainder of the borehole with gypsum grout sep
rated the individual stations. The thermistors at stations 3.1, 6
and 9.1 m were grouted in place without polyethylene beads.

The thermistors were calibrated over a narrow operation
range to maximize precision and accuracy. The thermistors w
accurate to60.005°C with a 95% confidence and had a sensiti
ity on the order of 0.0005°C. The pressure transducers were
curate to620 Pa with a high sensitivity of 1–3 Pa~Kume and
Rousseau 1994!. The data were collected and stored by compute
and data loggers located in the on-site instrument shelter. T
computer controlled data acquisition program allowed automat
reading of the downhole sensors every 5–6 hours.

Quantitative Evidence of Strong Advective Heat
Transfer from Temperature Data

Fig. 5~a! presents the UZ-4 temperature data for the period A
gust 1995 to January 2000 for the top four instrument statio
located in the Pagany Wash alluvium. The temperature data in
cated that the annual temperature wave was measurable dow

Fig. 4. Schematic illustration of borehole UZ-4 instrument station
and site geology. Depths are in meters, and dots indicate tempera
and air pressure stations.
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station 11.1 m. Fig. 5~a! shows a distinctive temperature feature at
station 3.1 m in early 1998 and a less pronounced but discernib
feature at station 6.1 m. Fig. 5~a! also shows that the 1998 annual
highs and lows at all four stations are lower than in the previou
years and the following year. Fig. 5~b! presents the temperature
data for the period of August 1995 to February 2000 for station
24.5 and 35.2 m. The steady long-term temperature increase i
dicated that stations 24.5 and 35.2 m were still recovering follow
ing the borehole construction and instrumentation. Fig. 5~b!
shows that in early 1998 station 35.2 m had a sudden decrease
temperature followed by a period of fluctuation. Fig. 5~b! also
shows that in early 1998 station 24.5 m had an increase in tem
perature and then a resumption of the annual pattern. Averag
temperatures at the six stations over the four-and-half-year perio
from top to bottom were 18.95, 18.99, 19.16, 19.27, 19.36, an
19.58°C.

Fig. 6~a! presents an expanded scale plot of the temperatur
responses at the top four stations 3.1, 6.1, 9.1, and 11.1 m for t
period November 1, 1997 to July 1, 1998. Closer examinatio
indicated that the minimum temperature at the station 3.1 m wa
approximately 2.5– 2.8°C lower than the temperature low in the
previous years~February 1996 and February 1997! and that the
temperature deviation from the annual conductive wave began o
February 23, 1998. The temperature deviation is interpreted to b
the result of cooler water moving down through the alluvium and
would be a direct result of the percolation of water associate
with the February 1998 precipitation@Fig. 3~b!#. The smaller, yet
still discernible, temperature feature at station 6.1 m began o
March 3, 1998@see Figs. 5~a! and 6~a!# and is interpreted to be
the continued downward movement of the wetting front. The
smaller temperature feature at station 6.1 m and absence of
abrupt temperature break at stations 9.1 and 11.1 m are inte
preted to be the result of the wetting front reaching thermal equ
librium with the alluvium.

Fig. 6~b! presents an expanded plot of the temperature re
sponses for stations 24.5 and 35.2 m for the period November
1997 to June 1, 1998. The small increase in temperature (0.02°C
at station 24.5 m occurred over the period of March 21 to Apri
17, 1998 and may be partially due to the downward movement o
warmer shallower water. Warmer shallow water is possible be
cause the time lag of the annual temperature wave increases w
depth and therefore the shallow alluvium will have annual rever
sals in the normal temperature gradient. In fact, temperatures du
ing the February–March period of 1998 are at their annual high
as shown in Fig. 5~a!. Fig. 6~b! shows that on March 21, 1998 the
temperature at station 24.5 m was approximately 19.38°C an
rising, while Fig. 6~a! shows that on the same date the tempera
ture at station 11.1 m was at about its annual high of 19.50°C
The temperature increase at station 24.5 m will be discussed fu
ther in the next section.

Supplemental Evidence of Unsaturated Flow from
Air Pressure Data

In the unsaturated zone, air pressure is transmitted through t
air-filled portion of the soil porosity. If the soil moisture content
remains constant, the liquid-filled porosity and air-filled porosity
will be constants. When the air-filled porosity of a soil profile
remains unchanged, air pressure measured at the subsurface
usually a reflection of the surface atmospheric pressure variatio
with amplitude attenuation and phase lag~e.g., Weeks 1970;
Massman and Farrier 1992; Lu 1999; Lu et al. 2001!. However,
when the soil saturation changes due to unsteady unsaturat

re
NEERING © ASCE / NOVEMBER 2003



Fig. 5. Measured subsurface temperature for period from August 1995 to February 2000 at depths of~a! 3.1, 6.1, 9.1, and 11.1 m and~b! 24.5
and 35.2 m
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flow, the air-filled porosity changes accordingly, leading to the
disruption of the usually strong correlation between the atmo-
spheric and subsurface pressures. This disruptive phenomenon is
more pronounced in fractured rocks than alluvium soils, since the
pneumatic paths are easily affected by localized fracture flow.
This distinctive feature is a qualitative indication of liquid move-
ment in tuff formations.

Fig. 7 presents the pressure data from stations 11.1 and 24.5 m,
the pressure differences between the two stations, and the tem-
perature at station 24.5 m for the period February 1, 1998 to April
28, 1998. Because the stations are at different altitudes, the pres-
sure difference is normally 0.015 to 0.020 kPa; weekly air pres-

sure variations at both stations are normally less than 3.0 kP
Fig. 7~a! shows that for the period March 22, 1998 to April 2,
1998 ~11 days! the differential pressure between the two station
increased significantly. During this period the pressure at statio
24.5 m increased while the pressure at station 11.1 m decline
The two peaks of the pressure difference plot are 2.13 and 1.
kPa; values much higher than the normal difference value of 0.0
kPa. The abrupt temperature change@see Fig. 7~c!# also occurred
at about the same time as the pressure disruption. Fig. 7 al
shows that the temperature at station 24.5 m began to increase
or near, March 22 and continued to increase until April 19; ulti-
mately the temperature restabilized with a total increase of a
JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / NOVEMBER 2003 / 1045



Fig. 6. Measured subsurface temperature for period from November 1997 to July 1998 at depths of~a! 3.1, 6.1, 9.1, and 11.1 m and~b! 24.5 and
35.2 m
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proximately 0.02°C. The continued temperature increase at sta-
tion 24.5 m, even after the pressure perturbation had dissipated,
indicated that the temperature increase was due to the downward
movement of warmer shallow water. As discussed earlier, the re-
versal of the temperature gradient is caused by the time lag of the
annual temperature wave. It is possible that both the heat of air
compression and the downward movement of warmer shallower
water played a role in station 24.5 m’s temperature increase.

Coupled Heat and Unsaturated Flow Model

Both temperature and air pressure data indicate a strong advective
heat transfer at shallow depths due to infiltration flux in Pagany

Wash. To confirm the conceptualization that an advective he
transfer is responsible for the sudden temperature decrease du
the 1998 El Niño period and to quantify the associated percola
tion amount at the ground surface, a coupled heat and unsatura
flow model was developed. We conceptualize that the temperat
variation in Pagany Wash is normally a result of conductive he
transfer due to the atmospheric temperature variation. Howev
during the 1997–1998 El Nin˜o event, the subsurface temperatur
disruptions are attributed to a high percolation amount. A vertic
one-dimensional coupled heat and fluid flow numerical mod
was developed to represent the fluid flow and heat transfer
Pagany Wash.
1046 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / NOVEMBER 2003



Fig. 7. ~a! Measured air pressure at depths of 11.1 and 24.5 m,~b! difference between pressures at 11.1 and 24.5 m, and~c! temperature at station
24.5 m from February 1, 1998 to April 26, 1998
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The multiphase transport computer codeTOUGH2 ~Pruess
1987, 1991! allows an integrated finite difference simulation of
transient heat transport and unsaturated fluid flow in the subsur-
face. The governing equations for coupled heat and fluid flows are
described in Pruess~1987!. The hydrologic and thermal properties
of Pagany Wash alluvium and Paintbrush Tuff rock were used
from previously published UZ-4 data~Rousseau et al. 1999, p.
199!. These parameters were synthesized and analyzed based on
some previously reported laboratory and field experimental stud-
ies at the site~e.g., Flint and Flint 1990; Loskot and Hammer-
meister 1992; Rautman 1995!. The unsaturated permeability and
the matric suction of the alluvium and tuff rocks were considered
as functions of soil saturation by van Genuchten’s model~van
Genuchten 1980; Pruess 1987!. Based on the fitting of the experi-
mental thermal conductivity at different saturations, the unsatur-
ated thermal conductivity was considered adequately as a linear
function of soil saturation with a maximum value at 100% satu-
ration ~Rautman 1995; Rousseau et al. 1999, p. 199!. The previ-

ously measured and calibrated hydrologic and thermal properti
are used and summarized in Table 1.

The model simulations calculated unsaturated fluid flow an
subsurface temperature as a result of surface temperature va
tion, heat conduction of unsaturated alluvium, and heat advecti
induced by a percolation in the overlying alluvium.

A constant temperature (19.9°C) and a constant saturati
~20%! were assigned to the lower model boundary at the depth
127.7 m. These values were based on measured values from
deepest station at 127.7 m in borehole UZ-4~Rousseau et al.
1999!. The domain was discretized into elements of an even
spacing 0.3048 m. The initial temperature and moisture profile
were obtained through model calibration described in the ne
paragraph. The time-varying temperature of the wellhead box~see
Fig. 4! installed outside the wellhead and 0.36 m below th
ground surface was used as the upper boundary condition sho
in Fig. 8~a!. The assumption was that the temperature in the wel
head box station represented the temperature of the upper 0.36
JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / NOVEMBER 2003 / 1047



Table 1. Summary of Hydrologic and Thermal Properties Used in Numerical Simulations

Rock unit r (kg/m3) f k (m2) m a ~1/Pa! kwet (Js21 °C21) kdry (Js21 °C21) Cs (Jkg21 °C21)

Alluvium 2380 0.40 5.3310213 0.231 1.8731024 0.759 0.174 800
Tpcun 2380 0.15 3.0310217 0.292 2.9631026 1.708 1.274 800
Tpcpv1 2430 0.48 5.7310214 0.245 2.9031026 0.804 0.218 800
Tpbt3 2380 0.45 2.2310213 0.286 1.8731024 0.871 0.286 800
Tpy 2310 0.40 3.6310214 0.230 1.0031024 0.987 0.401 800

Note: r5grain density;f5porosity;k5intrinsic permeability;m5van Genuchten parameter for pore size distribution;a5van Genuchten parameter for
characteristic pore size;kwet5thermal conductivity at saturation;kdry5thermal conductivity of dry rocks; andCs5specific heat. A residual saturationSr

of 0.1 is used for all soils~from Rousseau et al. 1999!.

Suctionc-saturationS function isS5@11(gagw)1/(12m)#m; S5 (Sl2Sr)/(12Sr)

Relative permeabilitykr function iskr5S0.5@12(12S1/m)m#2

Thermal conductivityKr function isKr5kdry1(kwet2kdry)S
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of the alluvium. The distance between the wellhead box stat
and station 3.1 m is 2.74 m or nine elements. Evapotranspira
during February 1998 was neglected because of the low wi
temperature. The February 1998 El Nin˜o precipitation was mod-
eled as a period of concentrated precipitation lasting appro
mately two weeks. The cold winter and short percolation per
led to an evaporation rate typically less than 0.002 m/day. T
modeling strategy was to examine several uncertain but key c
trolling parameters that may potentially be responsible for
subsurface temperature depressions:~1! surface percolation
amount;~2! temperature of percolating water; and~3! soil prewet-
ting condition.

Both initial temperature and saturation profiles were first ca
brated to the measured annual temperature wave for the pe
February 1997 to February 1998. The calibration model assum
a relatively dry period with a typical infiltration flux of 0.02
m/year ~Flint et al. 2002! ~Fig. 8!. By employing an infiltration
flux of 0.02 m/year the subsurface temperature variation w
dominated by heat conduction, which was confirmed by the m
sured temperature pattern. Fig. 8 presents the measured tem
ture and the simulated temperatures at station 3.1 m for the c
bration model ~0.02 m/year! and for several other assume
percolation quantities for the period from February 1997 to F
ruary 1999. Fig. 8 shows that the calibrated model matches
field data from February 1997 to February 1998 and provide
prediction of what might have occurred without the heavy p
cipitation in February 1998. The sudden temperature decre
starting on February 24, 1998 at station 3.1 m reached a minim
on March 3, 1998.

Comparing to the conduction dominated 0.02 m/year calib
tion model, we find that the maximum temperature decrease
station 3.1 m was approximately 2.5°C. The calibration mo
using the data from February 1997 to February 1998 indica
that use of the wellhead box station temperatures was a g
representation of the near surface condition@Fig. 8~a!#.

Uncertainty Analysis

Based on our field data analysis, qualitative analysis, and cou
heat and fluid flow model development, there are three ma
uncertainties associated with the initial and boundary conditio
the percolation quantity during February 1998, the temperatur
the percolating water, and the prewetting condition. All three fa
tors have impact on the temperature deviation in the subsurf
and they are analyzed in the following sections.
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Impact of Percolation Quantity on Temperature
Deviation

Fig. 8 also presents the measured upper-boundary temperatu
and the predicted temperatures at station 3.1 m for percolati
amount ranging from 0.4 to 1.3 m with the same time-varyin
temperature measured in the wellhead box station. The simulat
percolation period was set from February 7, 1998 to February 2
1998 ~2 weeks! to correspond to the high-precipitation events
measured nearby at WT-2 Wash, Jackass Flats, and Amarg
Farms. Results of temperature depressions at different statio
were compared with the measured temperature depressions
are summarized in Table 2.

The simulations show that, as the percolation quantity in
creased, the temperature depression increased. This is consis
with our conceptualization that advective heat transfer becom
more dominant as the percolation quantity increases. The nume
cal simulations using infiltration amounts of 1.0 and 1.3 m in 2
weeks closely match the measured data. The simulations with 1
m percolation amount slightly underpredicted whereas thos
with1.3 m percolation amount slightly overpredicted the mea
sured temperature responses. The simulation result@Fig. 8~a!#
shows that as the percolation quantity increased the arrival tim
~the time between the initial sudden temperature deviation fro
conduction and the minimum temperature! decreased. The arrival
times for percolation quantities of 0.4, 0.7, 1.0, and 1.3 m are 4
39, 22, and 11 days, respectively. The arrival times for 1.0 and 1
m infiltration amounts bound the measured arrival time of 14 day
~starting on February 7 and reaching the minimum temperature
February 21!. The simulations quantitatively confirmed that the
significant temperature deviation at station 3.1 m was indeed d
to percolating water and the associated advective heat trans
The model results indicated that the February 1998 percolatio
amount in Pagany Wash at the borehole UZ-4 location was like
between 1.0 and 1.3 m.

The simulated soil saturation profiles as a function of time ar
illustrated in Fig. 8~b! for a percolation quantity of 1.0 m during
February 1998. Before the February 7 percolation period, the ca
brated soil saturation profile in the alluvium ranges from 32 t
62% as shown in Fig. 8~b!. On February 14, a week after the
starting of the percolation, soil saturation in the top 2.7 m i
greater than 90%@Fig. 8~b!#. At the 6.1 m station, the 90% wet-
ting front arrived on February 21. The simulation results show
that the wetting front continued to progress downward but th
maximum saturation progressively decreased. For example,
March 21, the maximum saturation was about 80% and occurr
INEERING © ASCE / NOVEMBER 2003
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Fig. 8. ~a! Comparison of measured temperatures at station 3.1 m from February 1997 to February 1999 and simulated temperatur
percolation fluxes of 0.02, 0.4, 0.7, 1.0, and 1.3 m, and of 0.7 m with a 5°C cooler surface temperature, and~b! simulated soil saturation profile
as a function of time in alluvium for 1.0 m percolation water in February, 1998
n
r-
e
nd

in
at 10.5 m. By the end of 1 year after the February 1998 percola-
tion ~February 6, 1999! the soil saturation profile nearly resumed
the prepercolation profile. Because there is no easy way to mea-
sure the time-series saturation profile at the spatial and temporal
scales involved in this study, the simulated saturation profiles pro-
vide only some qualitative understanding of the dynamics of soil
moisture redistribution and the impact of a wetting front on tem-
perature profiles. Nevertheless, the arrival times of the wetting
front from the simulations are qualitatively consistent with the
arrival times of the measured temperature profiles at these shal-
low stations@Figs. 5~a! and 6~a!#.

Uncertainty Analysis of Temperature
of Percolating Water

The assumption that the temperature in the wellhead box statio
can represent the temperature of the percolating water at the su
face is subject to some uncertainty. Surface-water temperatur
values measured at Pagany Wash, and at nearby Wren Wash a
Yucca Wash, during the February 1998 El Nin˜o event ranged
from 3.4 to 5.7°C~C.S. Savard, USGS, written communication,
1999!. Therefore, it is possible that fast pulses of winter percola-
tion might be cooler than the average temperatures measured
JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / NOVEMBER 2003 / 1049
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Table 2. Summary of Borehole UZ-4 Measured Temperature Depressions of Annual Low for Winter of 1997–1998, Compared to Winte
1996–1997, and Predicted Temperature Depressions for Different Percolation Scenarios

Station
depth
~m!

Measured
at UZ-4

(°C)

Simulated
for 0.4 m
infiltration
at surface

(°C)

Simulated
for 0.7 m
infiltration
at surface

(°C)

Simulated
for 1.0 m
infiltration
at surface

(°C)

Simulated
for 1.3 m
infiltration
at surface

(°C)

Simulated
for 0.7 m
infiltration

of 5°C
cooler water

(°C)

Simulated
for 1.0 and
0.2 m in

December 1997
infiltration

(°C)

Simulated
for 1.0 and
0.2 m in

December 1997
and January 1998

infiltration
(°C)

3.1 2.60 0.83 1.23 1.97 2.54 2.21 2.56 2.55

6.1 1.24 0.34 0.74 1.13 1.51 1.19 1.30 1.29

9.1 0.60 0.31 0.56 0.70 0.96 0.75 0.91 0.90

11.1 0.29 0.22 0.33 0.52 0.63 0.55 0.55 0.55
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the wellhead box~varying between 8 and 9°C). To assess t
potential impact of a cooler temperature at the upper bound
numerical simulations were conducted using an upper-bound
temperature 5.0°C cooler than those measured in the wellh
box. The wellhead temperature was 8 – 9°C in February. The s
sitivity model indicated that about 0.3 m less percolation amo
was required to match the measured temperature decrease.

Fig. 8~a! also presents the simulation results assuming a p
colation quantity of 0.7 m and an upper-boundary temperature
about 3 – 4°C, which is about 5°C cooler than the wellhead te
perature of 8 – 9°C. The simulation is a close match to the m
sured temperature. However, the use of temperature varying
tween 3 and 4°C on the upper boundary is a lower tempera
limit, because an upper-boundary temperature of about 3 – 4°
cooler than any measured surface-water temperatures and si
cantly cooler than the February 1998 wellhead box temperatu
which ranged from 8 to 9°C.

Uncertainty Analysis of Prewetting Condition

Rain gauge data from Jackass Flats had monthly precipita
values for November and December 1997 and January 199
0.013, 0.0214, and 0.006 m, respectively~W. J. Davies, written
communication, 1999!. These precipitation events may have r
sulted in some concentrated flow in the washes resulting i
prewetting of the alluvium. Because the thermal conductivity
the alluvium is dependent on moisture content, the amoun
prewetting will impact the subsurface temperature. The therm
conductivity values have been shown to increase by as muc
436% from a totally dry state to 100% saturation~see Table 1 or
Rousseau et al. 1999!.

To assess the uncertainty associated with the prewetting
dition, three sensitivity simulations were conducted. The simu
tion results are presented in Fig. 9. The first simulation assum
0.1 m infiltration amount in December 1997 and no major p
cipitation during the El Nin˜o event. As shown in Fig. 9~a!, a
percolation amount of 0.1 m would have caused a measurable
minimal temperature depression of the annual wave. Compare
the simulated temperature response for a 0.02 m/year scen
the deviation is about 0.25°C from February to May 1998.

The second sensitivity simulation assumed 0.2 m of prewett
percolation in December 1997 and 1.0 m of percolation in F
ruary 1998. The third sensitivity simulation assumed 0.1 m
prewetting percolation in December 1997 followed by 0.1 m
January 1998 and 1.0 m in February 1998. Figs. 9~a! and 8~a!
show that both the second and third scenarios better match
field data at station 3.1 m than the model simulations witho
prewetting. However, during the period of December 1997 a
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February 1998 prior to the El Nin˜o precipitation, the variation in
the distribution of the prewetting moisture had a limited impact
on the observed subsurface temperature depressions. The simu
lated saturation profiles shown in Fig. 9~b! indicate that the
prewetting has some limited influence on the downward move-
ment of the percolation water.

Summary of Uncertainty Analysis

Table 2 presents a summary of the maximum measured tempera
ture decreases at the four alluvial stations and the simulated tem-
perature decreases. The measured temperature decreases were c
culated using the 1996–1997 winter values as the baseline@Fig.
5~a!#. Each column represents one viable scenario of infiltration at
the top of the alluvium soils. The simulations indicated that a
percolation quantity of 1.0 m was the best match to the measured
temperature decrease and time-series variation at station 3.1 m
Numbers in bold face in the simulated columns of Table 2 are the
closest match to the measured data. An infiltration amount be-
tween 1.0 and 1.3 m was the best match for station 6.1 m and an
infiltration amount of 0.7–1.0 m was the best overall match to
stations 9.1 and 11.1 m, as can be seen from Table 2. When
comparing the measured and simulated values it is important to
realize that the shallow stations have less uncertainty because
they are closer to the surface boundary and, therefore, more sen
sitive to the advective heat transfer. The deeper stations have
increased uncertainty because the heat conduction time is propor
tional to the power of the depth, and because as the infiltration
progresses downward, thermal diffusion~conduction! becomes
more and more important.

The model simulations show that an assumed percolation
quantity of 0.7 m water with a 5°C cooler temperature underes-
timated the temperature decrease in the upper two stations, and
overestimated the temperature decrease in the lower two stations
~Table 2!. The model simulations also show that a prewetting
period with an infiltration flux of 0.2 m in the winter followed by
1.0 m of infiltration flux were the best match to the field data at
station 3.1 m. The two prewetting models had nearly identical
temperature predictions, indicating that the temperature depres-
sions were not sensitive to the temporal distribution of the
prewetting moisture near the ground surface.

The numerical models quantitatively confirmed that the mea-
sured temperature deviations were due to advective heat transfe
associated with a significant percolation amount of approximately
1.0 m of water during the February 1998 El Nin˜o precipitation
event. Both the magnitude of the temperature decreases and th
arrival times strongly support the advective heat transfer hypoth-
esis.
INEERING © ASCE / NOVEMBER 2003
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Fig. 9. ~a! Simulated temperature for infiltration amounts of 0.02, 0.1, and 0.2 m infiltration in December and 1.0 m in February, and 0.2
December and January and 1.0 m in February, and~b! simulated soil saturation profile as a function of time in alluvium 0.2 m in December a
January and 1.0 m in February
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Summary and Conclusions

The Yucca Mountain Project is a scientific study by the U.S.
Department of Energy to evaluate the potential for geologic dis-
posal of high-level radioactive waste in an unsaturated-zone
desert environment. As a part of the study, the area-25 unsaturated
zone borehole UE-25 No. 4~UZ-4! at 127.7 m deep was instru-
mented with thermistors and pressure transducers. Borehole UZ-4
is located in the alluvial deposits of Pagany Wash; a stream-
carved dry channel located to the northeast of Yucca Mountain
and the proposed repository site. The goal was to gain a better

understanding of the spatial and temporal distribution and transf
of heat, pressure, and moisture in the unsaturated desert envir
ment.

The temperature data from borehole UZ-4 indicated that th
annual temperature wave was measurable to a depth of 11.1
@Fig. 5~a!#, based on the 4.5 years’ data. During this period th
subsurface was generally dry and the temperature variations we
mainly the results of conductive heat transfer in response to th
atmospheric temperature variation. However, in the fourth yea
the 1997–1998 El Nin˜o year, depressions of the annual tempera
ture wave were measured at stations located 3.1, 6.1, 9.1, and 1
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m below ground surface in the Pagany Wash alluvium@Fig. 5~a!#.
Temperature disruptions were also measured at stations locat
24.5 and 35.2 m below ground surface in the Tiva Canyon Vitric
unit and Yucca Mountain unit@Fig. 5~b!#. The temperature disrup-
tions were hypothesized to be the result of an advective hea
transfer from a significant percolation amount associated with th
February 1998 El Nin˜o precipitation.

The progressive downward fluid movement from shallow to
deep is evident quantitatively in both the timing and magnitude o
the temperature depressions, and qualitatively in the subsurfac
air pressure disruptions. A one-dimensional coupled heat and un
saturated flow model was implemented to interpret the subsurfac
temperature data, and to quantify the percolation amount assoc
ated with the 1997–1998 El Nin˜o precipitation. Multiphase trans-
port simulations confirmed that the measured temperature devi
tions were indeed reconcilable with an advective heat transfe
associated with a significant percolation amount. A sensitivity
analysis identified several controlling parameters that were unce
tain but potentially responsible for the subsurface temperatur
deviations, and led to the conclusion that a percolation quantity o
approximately 1.0 m is the most likely scenario. The numerica
models showed that the best match to the field data at station 3
m included a prewetting period with an additional 0.2 m infiltra-
tion amount in the winter prior to the El Nin˜o precipitation.

The sensitivity analysis indicated that using a 5.0°C cooler
temperature at the upper boundary required about 0.3 m less pe
colation to match the measured temperature decreases. The to
0.7 m cooler percolation water is the lower-bound estimation
since an upper-boundary temperature of about 3 – 4°C is coole
than any measured surface-water temperatures and significan
cooler than the February 1998 wellhead box temperatures, whic
ranged from 8 to 9°C.

This study demonstrated quantitatively, for the first time in a
thick unsaturated environment, that subsurface temperature vari
tion due to advective heat transfer can be significant at a dept
greater than 10 m and can be used to infer the percolation amou
in thick unsaturated soils.

Overall, the UZ-4 data and modeling synthesis indicate tha
these potentially large, episodic, and concentrated infiltration
events into the alluvium soils at the bottom of desert washes ma
have important and broad implications for the safety of under
ground waste isolation. For example, when evaluating total re
charge flux across a waste repository, both the annual areal infi
tration rate and the concentrated percolation amount at wash
during events such as El Nin˜os should be considered. In many
cases, the latter infiltration mechanism could dominate the tota
recharge rate into the deep subsurface, thus affecting the fin
design and configuration of waste barriers for the repository
These events should be considered in the total performance a
sessment of the underground radioactive waste repository.
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