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Abstract. Groundwater temperatures in the fractured volcanic aquifer near Yucca Mountain,
Nevada have previously been shown to have significant spatial variability with regions of elevated
temperatures coinciding roughly with near-vertical north-south trending faults. Previous
investigators have suggested upwelling along faults from an underlying aquifer as a likely
explanation for this groundwater temperature pattern. Using a coupled flow and heat transport
model, we show that the thermal high coinciding with the Paintbrush fault zone can be explained
without significant upwelling from the underlying aquifer. Instead, the thermal anomaly is
consistent with thermal conduction enhanced slightly by buoyancy-driven vertical groundwater
movement within the volcanic aquifer sequence. If more than ~700 m>/day of water enters the
volcanic aquifer from below, then the calculated temperatures at the water table are significantly

greater than the measured temperatures. These results have some important implications for



understanding the groundwater flow system at Yucca Mountain and also underscore the value of

using temperature data to constrain groundwater flow models.



Introduction

It is widely recognized that groundwater temperature data are valuable for constraining
conceptual models of groundwater flow or for estimating hydrologic parameters. A variety of
approaches are available, ranging from non-quantitative interpretations to purely numerical finite
element or finite difference solutions. A popular approach is to use analytical or semi-analytical
solutions applicable to simplified systems to relate observed temperature profiles to unknown
recharge rates. For example, analytical solutions are sometimes used in combination with observed
temperature profiles to estimate vertical flow in one-dimensional systems. Although these analytical
approaches have undeniable utility for some types of flow systems, detailed system geometry and
buoyancy effects are difficult to include and may be important for some flow systems. In this paper,
we consider an example of such a system and show how simplified analyses can result in
misleading interpretation.

We consider a fractured tuff aquifer near Yucca Mountain, Nevada, and use three-
dimensional coupled groundwater flow and heat transport simulations to demonstrate that observed
elevated groundwater temperature aligned with a local fault system can be explained without fault-
zone recharge. Specifically, we show that the regions of elevated groundwater temperature, which
had previously been attributed to fault zone recharge from below, can be mostly explained by the
effect of the fault offset on the topography of the aquifer confining layers. The relevant processes,
thermal conduction and buoyancy driven vertical flow, would be difficult to model without using

three-dimensional numerical simulators that explicitly account for density dependent flow.



Early work on the use of groundwater temperature data included a one-dimensional
analytical solution by Bredehoeft and Papadopulos (1965) for steady-state heat and incompressible
fluid flow. This type of solution is well suited for use in semi-confining formations where flow is
predominantly vertical (Lu and Ge, 1996). For example, vertical leakage in semi-confining layers
can be estimated where thermal properties and vertical temperature profiles are known (e.g., Sorey,
1971). Hydrologic properties of aquitards can be inferred from such vertical leakage estimates when
no other hydrologic data are available (e.g., Mansure and Reiter, 1979). Estimates of vertical flux
from this one-dimensional approach are sensitive to small temperature variations, and hence may be
biased by vertical flows within the well bore (e.g., Mansure and Reiter, 1979) or in the disturbed
zone around the well bore. Also, because a bore-hole temperature profile represents a relatively
small zone surrounding a well, profiles from several bore holes are needed to obtain reasonable
confidence in vertical flux estimates for heterogenous formations.

When temperature data are available from numerous well bores, two-dimensi;)nal methods
are available to identify areas of vertical aquifer recharge. For example, Bodvarrson et al. (1982)
developed a transient two-dimensional semi-analytical solution to estimate fault-zone recharge from
horizontal temperature variability. The applicability of this approach is limited to relatively thin,
horizontal aquifers because vertical temperature and velocity variations within the aquifer are
ignored. Such two-dimensional approaches are also limited by the assumptions of parallel
horizontal layer boundaries, which ignores potential effects of surface and layer topography on
thermal conductance. Neglect of regional groundwater flow also limits this approach to areas where
temperature gradients resulting from vertical recharge are large enough that the effects of horizontal
flow on the temperature distribution are minimal. Bodvarsson et al. (1982) used their model to

estimate recharge at the Susanville Geothermal Project, California, where fault-zone recharge is



relatively hot, resulting in a horizontal temperature gradient of about 40 °C per km perpendicular to
the fault.

Based on the conceptual approach of Bodvarsson et al. (1982), it may seem reasonable to
infer areas of fault-zone recharge where elevated groundwater temperatures are observed along
large-offset faults. Indeed, fault-zone recharge has been suggested as a cause for elevated
temperatures zones in the region of Yucca Mountain, Nevada (Fridrich et al., 1994; Sass et al.,
1988, 1995). We focus on one particular fault zone and explore this issue in a more quantitative way

using three-dimensional finite-difference simulations.

Background of Study Area

Yucca Mountain, located approximately 175 km northwest of Las Vegas, Nevada, is being
evaluated as a potential geologic repository for disposal of high-level nuclear waste. The saturated
zone beneath Yucca Mountain (Luckey et al., 1996) consists of alternating layers of volcanic tuff
that form four hydrostratigrapic units: two aquifers and two confining units (Figure 1). The volcanic
tuffs overlie a regional, predominantly carbonate aquifer of Paleozoic origin that is largely confined
in the vicinity of Yucca Mountain by the overlying thick sequence of low-permeability tuffs (k ~
1078 m?), hereafter referred to as the lower confining layer. These aquifer and confining layers are
offset by several north-south trending normal faults (Day et al.1998), with displacements on the
order of a few hundred meters (Figures 1 and 2). A question important to the performance of a
proposed nuclear waste repository is whether these faults provide pathways for flow between the
local volcanic tuff aquifer system and the regional Paleozoic carbonate aquifer system.

Of interest in this study are temperature measurements near the water table in the volcanic

tuffs beneath Yucca Mountain (Sass et al. 1988) that reveal elevated water temperatures aligned
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with the north-south trending Solitario Canyon fault and the Paintbrush-Bow Ridge fault system, as
shown in Figure 2. Fridrich et al. (1994) and Sass et al. (1988, 1995) suggest that these observations
could indicate upward flow along faults to the shallow saturated zone from a deeper aquifer,
possibly the Paleozoic carbonate aquifer. Others have suggested that the cooler temperatures
between the Solitario Canyon and Paintbrush fault zones, shown in Figure 2, could indicate a fast
pathway for southward flow of cooler water that derives from surface recharge to the north
(Lehman and Brown 1995).

Estimation of recharge to the volcanic aquifer along fault zones has proved difficult, as little
is known about hydrologic properties of local faults, and only one well in the study area, UE-25 p#l
(p#1), penetrates the regional carbonate aquifer. The two-dimensional approach of Bodvarson et al.
(1982) for estimating fault zone recharge from horizontal temperature variability is not applicable
because, as previously mentioned, that method is valid for thin aquifers, whereas the volcanic tuff
aquifer is generally about 500 m thick within the study area.

One-dimensional analyses, based on the approach of Bredehoeft and Papadopulos (1965),
are useful to evaluate the potential for vertical leakage to the volcanic aquifer through the lower
confining unit. Temperature profiles for p#1 and several other deep wells in the area (summarized
by Sass et al., 1988) all show thick sections within the lower confining layer (typically > 200 m)
with linear temperature-depth profiles. A linear temperature-depth profile indicates a zone with no
vertical flow component (Bredehoeft and Papadopulos, 1965). This leads to a conceptual model of
an areally continuous confining layer that is interrupted only where offset by faults. Sass et al.
(1995) point to an inversion zone in well p#1, where temperature begins to decrease with depth, as
evidence for upward flow of warmer water within the Paintbrush fault zone. This temperature

inversion zone is associated with a fault zone that was recorded in the well log below the base of the



lower confining unit (Craig and Robison, 1984). It is not conclusive whether this fault zone flow
continues upward through confining layer to the volcanic tuff aquifer. Another fault zone
intersected by well p#1, recorded higher up within the confining unit (Craig and Robison, 1984),
reveals no inversion in the temperature-depth profile.

Another attempt to evaluate fault zone recharge near Yucca Mountain was made by
Bredehoeft (1997). He used the phase shift between the M, Earth-tide signal and the pressure
response observed in p#l to evaluate potential inter-aquifer flow along the Paintbrush fault. A
strong Earth-tide response with little phase shift is generally taken to indicate good vertical aquifer
confinement (e.g., Rojstaczer and Riley 1990), but no significant phase shift between the M, Earth-
tide signal and the pressure response in well p#1 was observed (Galloway and Rojstaczer 1988).
Bredehoeft (1997) estimated that upward recharge to the volcanic aquifer along the Paintbrush fault
zone could be as little as zero or as great as 1000 m’/d without a significant phase shift in the Earth-
tide response.

Geochemical data does not help much to further constrain the range of fault-zone recharge,
as the available evidence is ambiguous. The U.S. Department of Energy (2000a) shows that chloride
data support a hypothesis of very little or no fault-zone recharge to the volcanic aquifer. Chloride
concentrations in the carbonate aquifer are nearly four times as great as chloride concentrations
recorded for the volcanic aquifer in several wells near Yucca Mountain. Despite this large
difference in chloride concentrations, no pattern of increased chloride is observed across fault zones
in the volcanic aquifer suggesting little or no recharge of water from the carbonate aquifer.
Stetzenbach et al. (2001) reach entirely different conclusions based on a principal component
analysis (PCA) of 27 trace elements in waters sampled from 36 well and spring locations in

Southern Nevada. They show that water in the volcanic aquifer east of Yucca Mountain bears a



trace-element signature similar to that of carbonate aquifer waters, and propose recharge from the
carbonate aquifer along fault zones as a principal source of volcanic aquifer water.

Thus, evidence to support vertical influx along faults from the carbonate aquifer to the
volcanic aquifer is limited to non-quantitative inferences made from horizontal temperature
variability, an analysis of Earth-tide response that suggests such recharge must be limited, and two

conflicting geochemical analyses.

Groundwater Model

The model region is outlined in Figure 2. We focus on the area south and east of the
proposed repository that is centered around the vicinity of well p#1 and the region of elevated
temperature at the water table that coincides with the north-south trending Paintbrush-Bow Ridge
fault zone. The Solitario Canyon fault zone is not included because a steep hydraulic gradient across
this fault indicates hydrogeologic complexity that is beyond the scope of the present study. Based
on well water-level measurements, hydraulic gradients throughout the chosen model domain are
small, generally less than 107 (Luckey et al., 1996), and allow for more straightforward definition
of hydrologic boundary conditions.

For our simulations, we used the METRA module of the MULTIFLO multiphase thermal-
hydrological-chemical simulator (Painter et al. 2001). METRA solves the coupled flow and heat
transport equations using an integrated finite-volume discretization and a fully implicit time
stepping method. Water density and viscosity variation with pressure and temperature are included
in METRA by interpolating standard thermodynamic tables. These variations are small and often
neglected in groundwater modeling, but are important in the present applications because small

differences in water density may, under some conditions, lead to buoyancy-driven vertical flow.
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The computational grid extends vertically from the water table, as interpolated from several
wells in the region, to the top of the carbonate aquifer. The present model is divided into four
hydrostratigraphic layers representing upper and lower volcanic aquifers and upper and lower
confining layers (Figures 2 and 3), as described by Luckey et al. (1996). The layer thickness,
topography, and fault displacements represented in the model are based on an independent
hydrogeologic framework model developed from bore-hole stratigraphic logs and surface-based
geophysics (Sims et al., 1999). The base of the model coincides with the bottom of the lower
volcanic confining layer. To incorporate the spatial variability in the thickness of each unit, the
elevation of the base of the model, and the elevation of the water table, the model domain was
discretized into a non-uniform but logically rectangular grid of 59 x 49 x 20 cells in the North-
South, East-West, and vertical dimensions.

Specification of the temperature boundary condition at the base of the model requires some
knowledge of the temperature in the Paleozoic aquifer. At present, however, only well p#l
penetrates the Paleozoic aquifer in the model region. A temperature log from well p#1 (Craig and
Robison, 1984) shows that temperature in the carbonate aquifer is nearly constant (55 °C) with
depth for about 200 m directly below the confining unit, and then decreases by only about 2 °C in
the next 400 m. Relatively constant temperature over such a thick interval is consistent with a
permeable, vertically well-mixed aquifer system. Given this observation and the lack of direct
information on spatial variability in groundwater temperature in the Paleozoic aquifer, we use a
constant-temperature (55 °C) boundary condition at the base of the model. Note also, that the base
of the model is not at a constant depth; it follows the interpreted topography of the carbonate aquifer

system (Figure 3).



Temperatures at the water table are better defined by direct measurement. Water table
temperatures were specified as 29, 30, and 34 °C for the east, north, and west sides, respectively.
Water table temperature on the south side was assumed to vary linearly from 31 to 34 °C moving
east to west. Temperatures were assumed to vary linearly with depth along the four vertical faces.
Heat transport by conduction only was assumed for the top boundary. Specifically, heat conduction
from the water table to the land surface was included in the model and temperature in the interior of
the top face was allowed to vary in response. The temperature at the land surface was specified at
20 °C. In this manner, we account for the variable thicknes§ of the unsaturated zone, which was
calculated using a digital elevation map and subtracting the interpolated water table elevation.

Because surface recharge rates in this arid region are negligible relative to lateral flux, the
top boundary was specified as a no-flow confining surface coincident with the interpolated water
table elevation, which slopes to the southeast. In a perfectly calibrated version of such a model for a
water-table aquifer, the pressure at the aquifer top should be zero. This pressure condition was used
to calibrate the permeability of the hydrostratigraphic units region as discussed in the following
section. A hydrostatic pressure boundary condition was prescribed for the vertical faces of the
model with appropriate density corrections to account for the vatiable temperature. The base of the
model was specified as a no-flow boundary for the initial calibration. After the initial calibration,
however, an upward volumetric flow that varied between 0 and 1000 m>/day at the base of the
model was specified at grid cells along a 10-km section of the Paintbrush fault zone. The purpose of
varying the upward flux along the Paintbrush fault was to evaluate the effect of fault-zone flow =~

the observed temperature near the water table in well p#l.
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Initial Model Calibration

Prior to evaluating the effects of fault-zone recharge on temperature, initial calibration of the
model] was attained through selection of permeability values for the four hydrostratigraphic units to
obtain a reasonable match to pressure heads at 12 observation points. A permeability value of 2 x
107" m* was used for the two aquifer units, 2 x 107" m? was used for the upper confining unit, and
107"® m® was used for the lower confining unit. These values are roughly consistent with a previous
calibrated regional scale isothermal model (U.S. Dept of Energy, 2000b). To achieve an acceptable
level of calibration, it was also necessary to decrease permeability for all layers by a factor of 10 in
zone of 10 x 10 x 20 computational cells in the northwest corner of the model. Decreased
permeability in this area is consistent with hydraulic conductivity estimates from aquifer pumping
tests (see e.g., Luckey et al.,, 1996). Using these permeability values as a reference case, the
maximum residual error, expressed in terms of pressure head, is 6.0 meters, and the root-mean-
square (RMS) residual error for the 12 equally weighted observation points is 3.0 meters. Overall,
the residual pressure heads are relatively small compared with the variations in water levels through
the model region (~40 meters) and demonstrate that the hydraulic conductivities, boundary
conditions, and water table elevations form a nearly self-consistent set.

Several sensitivity runs were performed to check the calibration with alternative
permeability scenarios. Without the zone of decreased permeability in the northwest corner, for
example, the maximum residual error is doubled. We also varied vertical and horizontal
permeability along the Paintbrush fault Zone: we evaluated scenarios of increased vertical and
horizontal permeability in the north-south direction by a factor of ten, decreased east-west
permeability by a factor of ten, and various combinations of the two. This was done to evaluate

conceptual models in which faults act as conduits to flow along the fault axis and act as barriers to



flow across the fault plane. We also evaluated global anisotropy with a north-south permeability
tenfold greater than east-west permeability. None of these scenarios significantly improved the
overall calibration of residual pressure heads, and several combinations resulted in worse
calibration, suggesting that alteration of hydrologic properties in Paintbrush fault zone is not
necessary to explain groundwater flow in the modeled region. Further, the calculated temperature

distributions from these scenario analyses were similar to those obtained in the reference case.

Results

Calculated temperature at the water table is shown as a contour plot in Figure 4 for the
reference case with no upwelling from the carbonate aquifer. The region of enhanced groundwater
temperature above the Paintbrush fault is accurately reproduced with zero upwelling from the
underlying carbonate aquifer. The RMS temperature difference between the calculated temperature
and temperature measured in the 12 calibration wells is less than 2 °C and residual errors are
roughly symmetric around zero. In the northwest corner of the model region, however, calculated
temperatures are generally lower than the observed values shown in Figure 2. The residual error in
this region can be attributed to the assumed constant temperature of 55 °C specified for the entire
bottom boundary. Indeed, temperatures in two deep wells in this area exceed 60 °C in the deeper
parts of the lower confining layer.

The thermal high near the Paintbrush fault is caused in the model primarily, but not entirely,
by the topographies of the volcanic and Paleozoic aquifers. The Paintbrush fault corresponds to a
structural high in the underlying carbonate aquifer and it is expected that temperatures at the water
table would be higher there since the thermal insulation effects of the volcanic tuff layers are

reduced. To test this, we also constructed a heat-conduction only model using the same geometry.



As shown in Figure 5, this model does show a region of enhanced temperature along the Paintbrush
fault, which suggests a dominant effect controlling the groundwater temperature is simply the
geometry of the aquifer and aquitard layers combined with our assumption of a near-constant
temperature in the underlying Paleozoic aquifer. However, the temperatures across the conduction-
only model are systematically lower than the measured values compared to the reference case with
groundwater flow. This result suggests that buoyancy-driven flow may also play a minor role. To
explore this possibility further, we plot in Figure 6 values of vertical velocity at a model layer 15 (of
20) measured from the bottom and in cross section. Warm colors represent upward moving fluid
and cool colors represent downward moving fluid. There are significant upward velocities on the
upslope sides of the fault and downward velocities on the downslope sides consistent with free
thermal convection. Although the groundwater velocity fields have upward- and downward-moving
zones characteristic of the idealized convection cells familiar from theoretical studies of perfectly
horizontal layers, the flow patterns are likely to be more complex than this because of the three-
dimensional nature of the system.

Given the relatively low permeabilities and the modest thermal gradients in this system, the
formation of free thermal convection currents may be surprising. Indeed, the Rayleigh number for
the volcanic aquifer is orders of magnitude smaller than the Rayleigh-Lapwood criterion for the
onset of convection in a horizontal porous medium heated from below (see, e.g., Domenico and
Schwartz 1990). However, the Rayleigh-Lapwood and related criteria are specific to the situation
where isotherms and geopotentials are aligned. There is no threshold for free convection when the
temperature gradient and body forces are not aligned. In our model, buoyancy-driven upward flow
occurs near the Paintbrush fault zone because of the steep slope in the constant-temperature base of

the model in that area.



Figure 7 shows the calculated temperature at the location of well p#1 well as a function of
the total incoming volumetric flow rate from the carbonate to the volcanic aquifer. For these
calculations, we specified an upward flow into the model domain for those cells on the lower
boundary that also interseét the Paintbrush fault. The observed temperature at well p#1 and the
temperature as calculated by the conduction only model are also shown. The calculated and
observed temperatures coincide when the incoming flow rate is about 400 m3/day. However, there
is some uncertainty in the calculated (and probably also the measured) temperatures coming from
uncertainty in the input parameters, and the situation of no recharge from below probably cannot be
dismissed. The situation of 1000 m*/day fault-zone recharge — the suggested upper bound from
Bredehoeft (1997) — results in a calculated temperature that is 6 °C larger than the measured water-

table temperature in well p#1.

Discussion and Conclusions

Our numerical model suggests that the regions of enhanced temperature along the
Paintbrush fault zone can be explained without invoking significant vertical recharge from the
underlying Paleozoic aquifer. The region of elevated temperature can be explained instead by heat
conduction enhanced slightly by buoyancy-driven vertical flow within the volcanic aquifer. The
effect is largely due to the geometry of the system; the region of elevated temperature coincides
with a structural high in the Paleozoic aquifer where the insulating effect of the volcanic tuff
sequence is reduced.

The main motivation for this work is to better understand the possible hydraulic
communication between the volcanic and Paleozoic aquifers in the Yucca Mountain region with the

eventual goal of better understanding groundwater flow and travel times from the proposed



repository to potential pumping locations. Based on the modeling, the best estimate of recharge
from the Paleozoic aquifer along the Paintbrush fault zone is 400 m’day. However, there is
uncertainty in the calculated temperatures related to the uncertainties in boundary conditions, etc.
For example, if we assume an uncertainty of 1.5 °C for the calculated temperatures in Figure 7,
then the recharge rate is estimated to fall in the range 0—700 m3/day for the entire 10-km length of
the Paintbrush fault zone in the modeled region. This range of recharge rates is also consistent with
the estimate of 0—1000 m*/day by Bredehoeft (1997) based on the earth-tide signal in the carbonate
aquifer at well p#l. This range of fault-zone recharge is smal]bompared to the lateral fluxes across
the model region.

Because of the limited spatial extent of the model region, these results cannot be used to
make direct conclusions about other fault zones in the Yucca Mountain area. However, the results
do suggest that inferences about groundwater fluxes that are based solely on qualitative
interpretation of temperature data should be viewed with caution until they are backed up with more
quantitative analyses that consider buoyancy effects and the detailed geometry of the system.

This latter point also applies in a more general context. Clearly temperature data can provide
valuable constraints on groundwater flow, but inferences based solely on qualitative interpretations
of thermal anomalies may be misleading. Several computer codes are available to solve coupled
heat transport and water movement while taking into account temperature dependencies in water
density and viscosity. These coupled heat and flow models may be combined with borehole

temperature measurements to reduce uncertainties in groundwater flow models.
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Figure 4. Contours of calculated temperature (°C) at the water table for the reference case with no
fault-zone recharge. The region of elevated temperature corresponds with the Paintbrush fault

zone. Note the similarity with the interpreted temperature contours in Figure 2.
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Figure 6. Vertical Darcy velocity at (a) the surface coinciding with computational layer 15 (of 20)
measured from the bottom of the model, and (b) a horizontal cross section nearly equidistant
between the south and north faces. Warm colors represent upward moving fluid. Water is moving
upward on the upslope sides of the faults and downward on the downslope sides. The largest

vertical Darcy velocity occurs in the aquifer units.
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Figure 7. Calculated temperature at the water table at the location of the p#1 well as function of
vertical flux through the Paintbrush fault zone. The measured temperature is shown for

Comparison purposes.





