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ABSTRACT

Groundwater temperature is sensitive to the competing processes of heat flow
from below and the advective transport of heat by groundwater flow. Because
groundwater temperature is sensitive to conductive and advective processes, groundwater
temperature may be utilized as a tracer to further constrain the uncertainty of predictions
of advective radionuclide transport models constructed for the Nevada Test Site (NTS).
Since heat transport, geochemical, and hydrologic models for a given area must all be
consistent, uncertainty can be reduced by devaluing the weight of those models that do
not match estimated heat flow.

The objective of this study was to identify the quantity and quality of available
heat flow data at the NTS. Although thousands of temperature logs have been conducted
at the NTS, most are recorded on paper and not easily examined. In this investigation,
only those temperature logs in digital format were considered.

In this investigation, 145 temperature logs from 63 boreholes on the NTS were
examined. Of these, 13 boreholes were found to have temperature profiles suitable for the
determination of heat flow values from one or more intervals within the boreholes. Heat
flow values for intervals contained within the 13 boreholes ranged from a low of 7.5 mW m™
to a high of 110.2 mW m™. Vertical variations in heat flow values, within individual
boreholes, were readily explained by the advection of heat by groundwater flow.
Horizontal consistencies and variations in heat flow values between various boreholes
were dependent upon the geologic setting of the borehole, and the effect of vertical fluid
movement.

Temperature profiles are extremely easy and inexpensive to obtain. Considerable
hydrologic information can be determined from the examination of a single temperature
profile from a well in which drilling-induced temperature disturbances have dissipated.
Interpretation of a temperature profile in a lithology without major variations in thermal
conductivity may be fairly straightforward; interpretation of a temperature profile
crossing several hydrostratigraphic units requires accurate knowledge of the thermal
properties of the corresponding hydrostratigraphic units. If sufficient spatially distributed
heat flow values are obtained, a heat transport model coupled to a hydrologic model may
be used to reduce the uncertainty of a non-isothermal hydrologic model of the NTS.
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INTRODUCTION

Groundwater temperature is sensitive to the competing processes of heat flow
from below and the advective transport of heat by groundwater flow. Existing
geophysical temperature data were evaluated in terms of well construction, and
conditions under which the data were collected, to ascertain if a particular temperature
log was representative of formation temperatures. Appropriate data were then compiled
and registered in three dimensions and a simple visualization of the data set was
constructed.

Because groundwater temperature is sensitive to conductive and advective
processes, groundwater temperature may be utilized as a tracer to further constrain the
uncertainty of predictions of advective radionuclide transport models constructed for the
Nevada Test Site (NTS). Since heat transport, hydrologic and geochemical models for a
given area must all be consistent, devaluing the weight of those models that do not match
estimated heat flow can reduce uncertainty.

The objective of this study was to identify the quantity and quality of available
heat flow data at the NTS. Although thousands of temperature logs have been conducted
at the NTS, most are recorded on paper and not easily examined. In this investigation
only those temperature logs in digital format were considered.

BASIC HEAT FLOW TERMS

Temperature, T (Celsius, °C) provides a measurement of the free energy available
at a location. This energy can be visualized as the vibration of molecules, the greater the
temperature, the greater the vibration of the molecules. The vibrations of molecules with
greater energy are transferred to adjacent molecules. Thus, temperature will flow through
a material from locations of greater energy to areas of lower energy; this process is
defined as heat conduction.

Thermal gradient, G (degrees C per meter, °C m™), is defined as
0T/0z = (T,-T)/Az

where T, and T, are temperatures measured at two points separated by distance Az. By
convention, a positive gradient is in the direction of increasing temperature. Although
usually assumed to be vertical, thermal gradient is a vector quantity, and the actual
direction of the maximum thermal gradient depends on the distribution of temperature in
three dimensions.

The rate of one-dimensional keat flow, Q (milliwatts per square meter, mW m™)
between two points, within a homogeneous thermal conductivity field, is defined as

Q=-A*dT/oz

where, Q is conventionally taken to be positive in the direction of decreasing
temperature, A is a physical property of a medium known as thermal conductivity (watts
per meter per degree Celsius, W m™ °C™"), which is a measure of how easily heat is
transmitted through a material. As with the thermal gradient, heat flow is a vector
quantity. To determine the true vector value (magnitude and direction) of heat flow, the
three-dimensional temperature distribution has to be known.



In addition to conduction, as described above, moving fluids carry heat by
advection. If the direction of heat flow from conduction and advection coincide, the
effect can be quantified by considering the ratio of fluid-transported heat to conducted
heat. This ratio is called the Peclet number (Pe). Conduction appears to be the dominant
means by which heat is transported through the Earth’s crust. A compilation of
conductive heat flow measured over much of the Earth’s surface suggests a global mean
heat flow of approximately 87 mW m™ (Pollack ez al., 1993).

Thermal Gradient

Measurement of a thermal gradient, at a minimum, requires the determination of
temperatures measured at two points separated by a known distance. However, the better
defined the temperature distribution, the greater the accuracy of a thermal gradient, and
therefore, heat flow can be determined.

Temperature measurements in fluid-filled boreholes are obtained by direct
measurement using high-precision downhole temperature logging tools. Modern
downhole temperature logging tools have resolutions of approximately 0.001°C,
however, accuracy is rarely better than + 2°C for any given logging tool. Conducting a
two-point calibration before conducting the temperature log, as well as an additional two-
point calibration check following logging can enhance the accuracy of the tool. In
general, a two-point calibration consists of recording the temperature tool response at two
known temperatures and using this information to correct the temperatures measured by
the tool during logging. Using the two-point calibration method, accuracy of a
temperature tool can usually be increased to within £ 0.1°C. Although accuracy is
desirable, it should be noted that since we are using thermal gradients to determine heat
flow, absolute accuracy of the temperature measurements is not critical.

Temperatures measured in the boreholes must be representative of actual
formation temperatures outside the borehole to be used in the determination of valid heat
flow values. Ideally, the borehole should be cased to prevent cross flow between aquifers
penetrated by the borehole. Additionally, the annular space between the casing and the
borehole should be cemented, or otherwise sealed, through the saturated portion of the
borehole to prevent cross flow between aquifers in the annular space. Furthermore,
sufficient time must be allowed, following construction of the borehole, for fluid within
the borehole to return to thermal equilibrium with the surrounding formations.

Another factor that must be considered is convection of fluid within a borehole.
Convection is the movement of water, and subsequently heat, due to a temperature-
induced difference in fluid density. Since, generally, borehole temperatures increase with
depth, it would appear that the warmer waters deeper within the borehole would tend to
rise up through the cooler fluids higher in the borehole, producing convection cells. Hales
(1937), Auld (1948), and Diment (1967) investigated this phenomenon and developed,
and refined, an equation to describe convection in boreholes relating fluid properties and
the radius of the borehole to a critical thermal gradient, above which convection would be
expected. Using this equation, it can shown that for normal geothermal gradients
(approximately 25°C/km), convection can be expected in boreholes with diameters
greater than about 5 cm. However, several field investigations by Urban et al. (1978),
Diment (1967), Gretener (1967) and Wisian et al. (1998), as well as the observations by



this author, have shown that although convection cells do form, they rarely extend
vertically more than a few borehole diameters before dying out. Thus, the general effect
of convection within boreholes is to decrease the signal-to-noise ratio of a temperature
log without interfering with broader temperature trends. For example, it would be
impossible to discern minute changes in gradient produced by lithologic units with
thickness smaller than a few borehole diameters, however, the overall gradient of a unit
several meters thick in a borehole of several tens of centimeters in diameter could be
accurately determined. Essentially, boreholes with higher thermal gradients and larger
diameters produce noisier temperature logs.

Thermal Conductivity

Thermal conductivity is a measure of how easily heat is transmitted through a
material and is an inherent physical property of that material. It must be noted that the
thermal conductivity of a material may be anisotropic, that is, having different values for
different directions through the same material.

Thermal conductivity and lithology are closely related. To determine heat flow
values from a thermal gradient profile, it is essential that the thermal conductivity of the
lithologies penetrated by the boreholes be determined as accurately as possible.

The thermal conductivity of a rock is a function of the composition and geometry
of its constituent minerals and pore fluids. If the type, percentage volume, and thermal
conductivity values of a rock’s mineral constituents and pore fluids are known, the
thermal conductivity of the rock may be estimated by calculating a mean of the thermal
conductivity of the rock’s component parts. However, this method does not account for
the geometric orientation of the mineral constituents of the rock.

Ideally, each lithology in a study area should be sampled multiple times and their
range of physical thermal conductivity determined in the laboratory. Once the range of
thermal conductivity of the various lithologic units has been determined, it may be
possible to relate various geophysical logs (primarily those that measure mineralogy and
porosity) to thermal conductivity.

Heat Flow

One-dimensional heat flow, in a homogenous thermal conductivity field, is the
product of two values: thermal conductivity multiplied by the thermal gradient. This
applies whether the thermal gradient is measured over an interval of uniform thermal
conductivity, or an average thermal gradient is measured over an interval of averaged
thermal conductivity values. For purely conductive vertical heat flow under steady upper
and lower boundary conditions, heat flow values will remain constant (Figure 1). Figure
1 also illustrates that a thickness-weighted harmonic mean thermal conductivity for all
intervals:

7\4avg = AZ/[AZI/k1+AZ2/7\42+AZ3/7\,3, . ] =266 W m—loC-l
combined with a thermal gradient of:
G = AT/Az=0.023°C m’'

results in a heat flow of 0.06 W m™.
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Figure 1. Relationship between temperature, thermal gradient, thermal conductivity, and heat
flow in a purely conductive thermal regime.

Variations in vertical heat flow can result from many sources. Obviously, errors in
temperature measurement and/or thermal conductivity values will result in erroneous heat
flow values. Additionally, several thermal conditions may produce variations in vertical
heat flow.

Radiogenic heat, or heat produced by radioactive decay within the rocks
themselves, will produce additional heat energy within the rock unit, producing a gradual
increase in the measured heat flow within the unit and greater heat flow values in
adjacent rock units above relative to units below the heat-producing interval.

Climate change, sedimentation and erosion produce variations in vertical heat
flow profiles by changing the upper boundary condition. Basement relief and topography
produce non-horizontal surface boundaries that distort heat flow away from the vertical.
Like most other forms of energy, heat generally will follow the path of least resistance.
Heat will be refracted around areas of thick or low-conductivity rocks and be channeled
to areas with elevated basement rock. In mountainous areas, heat preferentially flows into
valleys and surface heat flow will vary with elevation.

Calculating heat flow from observed temperature gradients, assuming one-
dimensional conductive heat flow in a homogeneous thermal conductivity field, can
result in erroneous heat flow estimates in an advectively disturbed thermal regime.



Groundwater movement can disturb the temperature field, causing it to differ from the
purely conductive case. The advective transport of heat by the vertical movement of
groundwater will cause the calculated conductive heat flux to decrease or increase with
elevation depending on the direction of flow. Calculated conductive heat flux will
decrease with elevation in the borehole when groundwater movement is downward and
vice versa. As groundwater moves horizontally through a porous rock unit, the fluid
repeatedly is divided and recombined. This dispersion, or mixing, of the groundwater has
the effect of lowering the thermal gradient within the rock unit without affecting the
actual vertical heat flow, thus resulting in an apparent increase in the thermal
conductivity of the unit. Therefore, when the actual thermal conductivity of an aquifer
with horizontal flow is used to calculate heat flow, the zone would appear as an interval
of low heat flow compared to those units above and below the aquifer.

PREVIOUS INVESTIGATIONS

The earliest heat flow and thermal studies (e.g., Van Orstrand, 1934; Bullard,
1939; Birch, 1947) found that purely conductive heat flow could not explain the
subsurface temperature distributions observed in their investigations. Subsequent heat
flow investigations (i.e., Lachenbruch et al., 1976; Reiter et al., 1979; Chapman et al.,
1981) confirmed these findings and established the role of advective heat transport by
groundwater in controlling subsurface thermal regimes. Smith and Chapman (1983) and
Woodbury and Smith (1985) presented numerical solutions of the equations of fluid flow
and heat transport to quantify the effects of groundwater flow on the subsurface thermal
regime and showed that with sufficient knowledge of the complete environment of a site,
including water table elevations and boundary conditions, and with adequate spacing
between measurement points, advectively perturbed thermal fields could be used to infer
hydraulic parameters.

In addition to investigations of the effect of advective heat transport by
groundwater, recent heat flow studies have been undertaken to determine the thermal
history of sedimentary basins to understand petroleum migration and maturation (Hunt et
al., 1991; Lowrie et al., 1996; Lopatin et al., 1976). Investigations of the subsurface
thermal regime have also recently been utilized to estimate historical climate changes as
evidence of global warming (Beck, 1992; Beltrami and Taylor, 1995; Chisholm et al.,
1992; Deming and Borel, 1996; Huang et al., 2000; Pollack, 1993; Whitefore, 1993).

Previous heat flow investigations at the NTS (e.g., Sass et al., 1980, 1987;
Fridrich et al., 1994) have been conducted primarily in conjunction with hydrologic
studies at the Yucca Mountain High-level Nuclear Waste Repository site.

Pottorff (1987) examined temperature profiles from numerous emplacement
boreholes in Areas 19 and 20 at the NTS in an attempt to obtain quantitative information
on the hydrologic regime of Pahute Mesa. A qualitative assessment of the logs provided
useful information on static water levels and areas of water influx into the boreholes,
however, Pottorff (1987) determined that the uncertain quality of the data and the effects
(convection) of the large diameter of the boreholes (25 to 183 cm) rendered the data of
little value for quantitative hydrologic analysis.

Sass and Lachenbruch (1982) examined temperature data from 60 boreholes in
and around the NTS, including 16 from the Yucca Mountain area. Sass and Lachenbruch



(1982) determined that, based on the shape of the temperature profiles, 15 of the 60
temperature logs were usable for the determination of heat flow values (Table 1). The
original digital temperature data used by Sass and Lachenbruch (1982) were obtained by
the U.S. Geological Survey and were not available for review and interpretation by this
author. Additionally, Sass and Lachenbruch (1982) utilized temperature data from
portions of boreholes without casing in place. These borehole temperature profiles may
have been influenced by vertical fluid flow within the borehole and therefore the
measured gradient may not represent the actual thermal regime outside the borehole. In
this study, only those portions of boreholes with casing, where vertical fluid flow within
the borehole is impossible, or at least extremely unlikely, were used to determine
geothermal gradients.

Table 1.  Heat flow values from Sass and Lachenbruch (1982).

Well Name Heat Flow (mW m™)
PM-2 63
PM-1 42
DOL 80
Ul5K 56
UE-17e 66
TW-E 29
J-13 67
UE-25al 54
UE-25bl 47
UE-25a3 130
USWGI1 52
TW-F 76
TW-3 92
TW-5 84
TW-4 91

EVALUATION OF EXISTING NTS TEMPERATURE LOGS

In this investigation, 145 temperature logs from 63 wells (Figure 2) on or near the
NTS were examined. Of these 145 temperature logs, 62 were obtained from Bechtel
Nevada and were run by Atlas Wireline Services. Seventeen of the temperature logs were
obtained from Lawrence Livermore National Laboratory (LLNL) and were run by LLNL.
The Desert Research Institute (DRI) ran the remaining 66 temperature logs.

Because it is necessary for a borehole to return to thermal equilibrium with the
surrounding rock, the 145 temperature logs were ranked based on the length of time that
had passed since completion of the borehole. The time required for a borehole to return to
thermal equilibrium with the surrounding formations depends on several factors: The
length of time taken to drill the borehole, the diameter of the borehole, the temperature



Figure 2. Location of boreholes at the NTS with temperature logs examined in this
investigation.

and amount of fluids introduced to and/or removed from the borehole during
construction, lithology (porosity/thermal conductivity) of the formations penetrated by
the borehole, the amount and temperature of drilling fluid lost to the formations during
drilling, etc. In general, at the completion of the drilling process, the upper two-thirds of
the borehole has been warmed relative to the actual temperature of the surrounding
formations and the lower one-third of the borehole has been cooled relative to the actual
temperature of the surrounding formations. Given the wide variability of these factors,
thermal equilibrium of a borehole may require days, months, years, or even decades. The
only method to ensure a borehole has returned to thermal equilibrium is to obtain two



temperature logs sufficiently separate in time to verify thermal stability of the borehole.
As it will be shown later in this report, of the wells selected for analysis only one
borehole was logged twice sufficiently separated in time to ensure thermal equilibrium.
Therefore, a time of one year between completion of the borehole and conduction of the
temperature log was somewhat arbitrarily selected as the minimum time necessary for a
borehole to return to thermal equilibrium. This resulted in 88 temperature logs that were
obtained less than one year after borehole completion; seven temperature logs were
obtained between one and two years since their boreholes were completed; and 41 of the
temperature logs were conducted more than two years after their boreholes were
completed. Two of the temperature logs did not include information indicating the date
on which the logs were obtained. The remaining seven temperature logs were obtained in
emplacement holes with borehole diameters large enough, and/or with logged intervals
short enough, to have rendered the data questionable due to the possible presence of
convection cells.

Construction information (depth of casing, presence of slotted casing or
perforations, etc.) for the 39 boreholes logged one year or more after the completion of
drilling was assembled and evaluated to eliminate those boreholes where vertical flow
within the borehole might be present. Also eliminated were those boreholes with
temperature profiles too short relative to the borehole diameter to yield accurate heat flow
values. Additionally, one borehole, ER-6-1S, was determined to be located approximately
15 m from borehole ER-6-1 in which drilling activity was conducted 6 months prior to
temperature logging at ER-6-1S. Since drilling activity at ER-6-1 may have impacted the
temperature profile at ER-6-1S, ER-6-1S was also excluded from consideration. A total
of 13 boreholes were determined to have temperature profiles suitable for the
determination of heat flow values.

HEAT FLOW VALUES FOR NTS WELLS WITH SUITABLE TEMPERATURE
DATA

To determine heat flow values from temperature profiles, the thermal conductivity
of the lithologies penetrated by the borehole must be known. Sass et al. (1987) measured
thermal conductivities of 135 specimens of volcanic tuffs and 13 specimens of Paleozoic
carbonate obtained from core samples retrieved from saturated portions of boreholes
drilled at the Yucca Mountain Site (Figure 3 and Table 2).

Average thermal conductivity for the volcanic tuff lithologies measured by Sass et
al. (1987) was 1.72 + 0.03 W m™'°C™. For the 13 specimens of Paleozoic carbonate
lithology, an average thermal conductivity of 5.0 W m™°C™" was determined. It should be
noted that given the relatively small number of samples of each lithology, together with
the marked similarity of the mean values and standard deviation between 0.1 and 0.5
show that many of the mean values are not statistically different. For example, the mean
value for the welded tuff and mod-welded tuff are not statistically different. However, a
definite trend in increasing thermal conductivity with increased density of welding is
readily observable.

Johnston et al. (1981) and Wright and Louden (1989) as well as others have
published thermal conductivity values for various rock types (Tables 3 and 4).
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Figure 3.  Laboratory measured thermal conductivity values (W m'°C™") for Tertiary volcanic
lithologies, Sass et al. (1987).

Table 2.  Thermal conductivity of major volcanic rock types at the NTS from Sass et al,

(1987).
Thermal Thermal Thermal

Conductivity Conductivity Conductivity Number of Standard
Lithology Type minimum average maximum Samples Deviation
non-welded tuff 1.06 1.42 2.1 15 0.3092
non to partly welded tuff 1.23 1.43 1.73 6 0.1936
tuff 1.25 1.62 1.99 2 0.5232
partly welded tuff 1.19 1.66 231 37 0.2931
bedded tuff 1.1 1.73 242 8 0.4515
mod to densely welded tuff 1.36 1.73 1.9 4 0.2537
partly to mod welded tuff 1.37 1.75 2.26 20 0.2681
mod welded tuff 1.37 1.78 2.21 19 0.1967
vitrophyre 1.67 1.82 2 3 0.1662
welded tuff 1.8 1.86 1.92 2 0.0848
flow breccia 1.43 1.89 2.46 7 0.3536
lithic-rich tuff 1.9 1.9 1.9 1 NAN
densely welded tuff 1.94 2.01 2.15 4 0.0936
lava 1.77 2.16 2.49 7 0.2360
dolomite 4.45 4.95 5.47 13 0.2848




Table 3.  Typical rock thermal conductivity values from Wright and Louden (1989).

Rock Types Thermal Conductivity (W m™°C™)
All mudstones 1.85
Calcium mudstones 1.76
Silty mudstones 2.15
Siltstone 1.91
Muddy sandstones 2.23
All sandstones 2.92
Quartz sandstone 5.09
All limestones 2.51
Dolomite 4.78

Table 4.  Typical rock thermal conductivity values from Johnston et al. (1981).

Rock Types Thermal Conductivity (W m”°C™)

Shale 1.5
Evaporites 54
Limestone 1.3t05.0
Dolomite 5
Sandstone 1.8t04.2
Schist 1.6
Gneiss 2.5
Greenstone 33
Slate 3.8
Argillite 33
Quartzite 45t07.1
Granite 1.7 t0 4.0
Diabase 2.1
Gabbro 2.5
Granodiorite 2.6

Utilizing published thermal conductivity values (Table 4) and measured
geothermal gradients, heat flow values were determined for the 13 boreholes (Figure 4)
with temperature logs deemed suitable due to construction, and for which it appeared a
sufficient duration of time had passed from when the log was run to when the borehole
was completed.
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Figure 4. Location of boreholes on, or near, the NTS with temperature profiles suitable for
calculation of heat flow values.

Following is a discussion of each of the 13 boreholes for which heat flow values
were calculated. Included with the discussion of each well is an illustration displaying the
temperature vs. depth profile from each well, the lithology penetrated by the borehole,
and the borehole construction.

UE-1q

UE-1q was first completed in May 1980. The borehole was subsequently
recompleted by deepening, to a total depth of 792.48 m below ground surface and
placement of 27.3-cm-diameter casing in May 1992. The temperature profile used in
calculation of heat flow values for this borehole was conducted by DRI on July 19, 1994.
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As shown in Figure 5, the contact between the Tertiary tuff units and the
Paleozoic carbonate aquifer occurs at a depth of 710.8 m below ground surface. The
casing was cemented within the borehole to a depth of 749.5 m below ground surface.

The temperature profile from borehole UE-1q displays a pronounced break in the
geothermal gradient coincident with the volcanic tuff/carbonate contact at a depth of 710
m

C
]
5
.
= &
£ o
£ Temperature (°C) 3
g 3
Lithology Description O 23 24 25 26 27 28 =
\ Thermal Gradient = 0.0195 °C m™
\ Thermal Conductivity = 1.54 W m™°C™
\ Heat Flow = 30 mW m™
— 600
L 700 \\
I carbonate: \
3 | Thermal Gradient = 0.006 °C m
Thermal Conductivity = 5.0 W m’°c”
Heat Flow = 30 mW m™ 1

Figure 5. Temperature profile, lithology and well construction for borehole UE-1q.
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below ground surface. A least-squares fit through the portion of the temperature profile
measured in the Tertiary tuff lithologies penetrated by UE-1q yields a geothermal
gradient of 0.0195 °C m™'. A least-squares fit through the portion of the temperature
profile measured in the carbonate lithology above the base of the casing within UE-1q
yields a geothermal gradient of 0.006 °C m™. The tuff units penetrated by UE-1q are
comprised primarily of non-welded and bedded tuff units. Assigning a thermal
conductivity of 1.54 W m™°C™" for the Tertiary units and 5.0 W m™'°C™' for the carbonate
lithology, heat flow values for both are approximately 30 mW m™.

UE-18r

UE-18r (Figure 6) was completed on August 6, 1968, to a depth of 1525.2 m
below ground surface. Casing, 27.3 cm in diameter, was cemented in the borehole to a
depth of 496.5 m below ground surface. Depth to static water level in the well is 416 m
below ground surface, resulting in approximately 80 m of fluid above the bottom of the
casing in the borehole. The saturated portion of the borehole above the bottom of the
casing is located entirely within a unit of non-welded tuff.

A least-squares regression of the linear portion of the temperature profile above
the base of the casing within the borehole yielded a geothermal gradient of 0.0175 °C m
! Using a thermal conductivity of 1.42 mW m™'°C™ (Sass et al., 1987) combined with the

measured thermal gradient, results in a heat flow value of 24.8 mW m™.

The temperature profile from UE-18r is remarkable for two additional reasons.
First, an examination of the temperature profile indicates downward flow in the open
borehole below the casing. This downward fluid flow is apparent from the deflection of
the temperature profile. Fluid entering the borehole below the casing carries heat energy
downward, masking the true thermal gradient and decreasing the apparent thermal
gradient. At approximately 610 m below ground surface the temperature in the borehole
increases rapidly, increasing the apparent thermal gradient, indicating other fluids are
entering the borehole and continuing to move downward along with the fluid from above
as indicted by the sharp decrease in apparent thermal gradient below 610 m.

Second, UE-18r is the only borehole in this investigation where two temperature
logs are available, sufficiently separated in time, to verify the thermal stability of the
borehole. Figure 7 shows thermal profiles for UE-18r conducted by Atlas Wireline
Services on March 13, 1993 and by DRI on August 31, 1994. With the exception of
approximately 1.6 °C difference between the absolute temperature values measured by
the logs, the temperature profiles are remarkably similar. A cross plot of temperature
values between 425 and 496 m below ground surface of the two logs (Figure 8) yields a
correlation coefficient of 0.9995, indicating an excellent correlation between the two
temperature profiles over the portion of interest in the borehole.
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Figure 8. Cross plot of temperature values between 425 and 496 m below ground surface
obtained in UE-18r approximately 1 year and 5 months apart.

UE-14b

UE-14b (Figure 9) was completed on January 1, 1984, to a depth of 1,121.7 m
below ground surface. Casing, 33.97 cm in diameter, was cemented in the borehole to a
depth of 625.1 m below ground surface. Depth to static water level in the well is 508 m
below ground surface resulting in approximately 117 m of fluid above the bottom of the
casing in the borehole. The saturated portion of the borehole above the bottom of the
casing is located almost entirely within a unit of welded tuff.

DRI obtained the temperature profile from UE-14b on August 21, 1991. A least-
squares regression of the linear portion of the temperature profile from the top of the
welded tuff unit, at 521.2 m below ground surface, to the base of the casing within the
borehole yielded a geothermal gradient of 0.0124 °C m™'. Using a thermal conductivity of
1.86 W m'°C! (Sass et al., 1987), combined with the measured thermal gradient, results
in a heat flow value of 23.1 mW m™.

Additional features of interest in the temperature profile from UE-14b include the
pronounced change in gradient at approximately 634.6 m below ground surface, which
coincides with the contact between the welded tuff and the underlying moderately welded
tuff. As published by Sass et al. (1987), moderately welded tuff has a thermal
conductivity of 1.78 W m™'°C™", compared to the thermal conductivity of 1.86 W m™'°C"!
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for welded tuff. Although, as mentioned previously, the two values are not statistically
different; assuming there is no vertical flow within this portion of the borehole, this
decrease in thermal conductivity associated with a decrease in density of welding could
account for the increase in thermal gradient measured in the temperature profile. Also,
the presence of downward vertical flow within the borehole is readily apparent between
approximately 700 and 770 m below ground surface. Downward flow within the borehole
produces the typical concave upward signature seen in the temperature profile.
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Figure 9. Temperature profile, lithology, and well construction for borehole UE-14b.
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HTH-1

HTH-1 (Figure 10) was originally completed on June 10, 1961, and subsequently
recompleted on August 20, 1962. HTH-1 was drilled to a depth of 1,282 m below ground
surface. Casing, 27.94 cm in diameter, was cemented in the borehole to a depth of 475.89
m below ground surface. Below the 27.94-cm-diameter casing, 20.32-cm-diameter casing
was placed to a depth of 1,131.11 m below ground surface. This 20.32-cm-diameter
casing was perforated over five intervals between the depths of 582.17 m and 740.66 m
below ground surface. Depth to static water level in the well is 447 m below ground
surface resulting in approximately 135 m of fluid above the top of the uppermost
perforated interval in the borehole. The saturated portion of the borehole above the
bottom of the casing is located almost entirely within a unit of volcanic tuff.

DRI obtained the temperature profile from HTH-1 on August 19, 1991. A least-
squares regression of the linear portion of the temperature profile above the top of the
uppermost perforated interval yielded a geothermal gradient of 0.0176 °C m™. Using a
thermal conductivity of 1.62 W m™°C™! (Sass et al., 1987), combined with the measured
thermal gradient, results in a heat flow value of 28.5 mW m™.

The extremely low-gradient portions of the temperature profile from HTH-1
within the interval containing perforations appear to indicate the presence of vertical flow
within the borehole between the perforated intervals. Although difficult to interpret, the
temperature profile from HTH-1 appears to indicate the flow within the borehole to be
generally downward from the upper perforated interval to the lower perforated interval.

TW-7

TW-7 (Figure 11) was completed on June 30, 1954, to a depth of 692.5 m below
ground surface. Casing, 30.48 cm in diameter, was cemented in the borehole to a depth of
613.9 m below ground surface. Depth to static water level in the well is 499.6 m below
ground surface resulting in approximately 114 m of fluid above the bottom of the casing
in the borehole. The saturated portion of the borehole above the bottom of the casing is
located almost entirely within a unit of volcanic tuff.

The temperature profile for TW-7 was conducted by DRI on March 20, 1996, and
terminated at 601.8 below ground surface, 12.1 m above the base of the casing at 613.9
m. A least-squares regression of the linear portion of the temperature profile yielded a
geothermal gradient of 0.0121 °C m™'. Using a thermal conductivity of 1.62 W m™°C"!
(Sass et al., 1987), combined with the measured thermal gradient, results in a heat flow
value of 19.6 mW m™.

UE-5n

UE-5n (Figure 12) was originally completed on July 1, 1976, to a depth of 514.2
m below ground surface. Casing, 25.4 cm in diameter, was cemented in the borehole to a
depth of 464.2 m below ground surface; however, the wiper plug used to push the cement
out the bottom of the casing was never drilled out, effectively sealing the bottom of the
casing string. The casing was perforated between the depths of 219.5 m and 222.5 m
below ground surface. Depth to static water level in the well is 214.5 m below ground
surface. The saturated portion of the borehole is located entirely within a unit of volcanic
tuff.
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Figure 10. Temperature profile, lithology, and well construction for borehole HTH-1.
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Figure 11. Temperature profile, lithology, and well construction for borehole TW-7.
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DRI conducted the temperature profile from UE-5n on July 23, 1992. The
temperature log could not be completed below approximately 361 m below ground
surface because of an obstruction in the borehole. A least-squares regression of the linear
portion of the temperature profile above the obstruction yielded a geothermal gradient of
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0.0165 °C m™. Using a thermal conductivity of 1.2 W m™'°C™!, combined with the
measured thermal gradient, results in a heat flow value of 19.8 mW m™.

PM-1

PM-1 (Figure 13) was completed on June 21, 1963, and recompleted on May 5,
1964, to a depth of 2,395.0 m below ground surface. Casing, 27.3 cm in diameter, was
cemented in the borehole to a depth of 2,299.1 m below ground surface. Depth to static
water level in the well is approximately 640 m below ground surface, resulting in
approximately 1,659.1 m of fluid above the bottom of the casing in the borehole. The
saturated portion of the borehole above the bottom of the casing is located within
interbedded units of volcanic tuff of various thickness.

DRI conducted the temperature profile from PM-1 on August 3, 1994. The
temperature log could not be completed below approximately 1,067.4 m below ground
surface because of the limited length (approximately 1,067 m) of DRI’s geophysical
wireline.

The temperature profile from borehole PM-1 displays a small, but significant,
change in the geothermal gradient coincident with the bedded tuff/non-welded tuff
contact at a depth of 964.4 m below ground surface. The harmonic mean of the thermal
conductivities (Sass et al., 1987) of the volcanic units encountered by the borehole
between the static water level in the borehole and the contact between the bedded tuff and
non-welded tuff units located at a depth of 964.4 m below ground surface was calculated
to yield a composite thermal conductivity of 1.78 W m™°C"'. The average geothermal
gradient over this interval is 0.0245 °C m™', resulting in a heat flow value of 43.6 W m™.

A least-squares regression of the linear portion of the temperature profile below
the lithologic contact at 964.4 m below ground surface yielded a geothermal gradient of
0.0307 °C m™. Using a thermal conductivity of 1.42 W m'°C" (Sass et al., 1987),
combined with the measured thermal gradient, results in a heat flow value of 43.6 W m'z,
identical to the heat flow estimated in the overlying units. This vertical correlation in heat
flow estimates appears to be somewhat fortuitous given the uncertainty (possible
variability) in thermal conductivities of the units. Additionally, although fracture flow of
groundwater might be expected within the two, relatively thin, rhyolite units located at
approximately 800 and 900 m below ground surface, no significant deviations in the
thermal gradient are detectable. Due to the limited thickness, 19.8 and 13.7 m,
respectively, for the upper and lower units, these rhyolites may not be areally contiguous
and contain stagnant groundwater. It may also be that temperature profiles may not be
able to distinguish variations in gradient over relatively thin lithologic units.

UE-11

UE-11 (Figure 14) was completed on August 12, 1972, to a depth of 693.4 m
below ground surface. Casing, 33.97 cm in diameter, was cemented in the borehole to a
depth of 218.2 m below ground surface. Depth to static water level in the well is 157.3 m
below ground surface resulting in approximately 60 m of fluid above the bottom of the
casing in the borehole. The saturated portion of the borehole above the bottom of the
casing is located entirely within an argillite.
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Figure 13. Temperature profile, lithology, and well construction for borehole PM-1.
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Figure 14. Temperature profile, lithology, and well construction for borehole UE-11.

The temperature profile for UE-11 was obtained by DRI on January 28, 2002. A
least-squares regression of the linear portion of the temperature profile above the base of
the casing in the borehole yielded a geothermal gradient of 0.0302 °C m™. Using a
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thermal conductivity of 3.3 W m'°C" (Johnston er al, 1981), combined with the
measured thermal gradient, results in a heat flow value of 99.7 mW m™.

The decrease in thermal gradient below the base of the casing in UE-11 may
indicate the possible presence of downward flow within the borehole below the casing.
However, it is also possible a change in lithology, not described in the drilling history,
may occur at the base of the casing. A change in lithology to an interval of higher thermal
conductivity would also result in the decrease in the measured thermal gradient.

UE-16f

UE-16f (Figure 15) was completed on September 27, 1977, to a depth of 450.8 m
below ground surface. Casing, 24.45 cm in diameter, was cemented in the borehole to a
depth of 394.1 m below ground surface. Depth to static water level in the well is 112 m
below ground surface, resulting in approximately 282 m of fluid above the bottom of the
casing in the borehole. The saturated portion of the borehole above the bottom of the
casing is located entirely within an argillite.

The temperature profile for UE-16f was obtained by LLNL on May 2, 1994. A
least-squares regression of the linear portion of the temperature profile above the base of
the casing in the borehole yielded a geothermal gradient of 0.0288 °C m™. Using a
thermal conductivity of 3.3 W m'°C" (Johnston es al., 1981), combined with the
measured thermal gradient, results in a heat flow value of 95.0 mW m™.

The decrease in apparent thermal gradient below the base of the casing in UE-16f
may indicate the possible presence of downward flow within the borehole below the
casing.

UE-17a

UE-17a (Figure 16) was completed on July 2, 1976, and recompleted on
September 23, 1976, to a depth of 370 m below ground surface. Casing, 11.43 cm in
diameter, was cemented in the borehole to a depth of 368.8 m below ground surface.
Depth to static water level in the well is 193.5 m below ground surface resulting in
approximately 175 m of fluid above the bottom of the casing in the borehole. The
saturated portion of the borehole above the bottom of the casing is located entirely within
a quartzite.

The temperature profile for UE-17a was conducted by LLNL on May 2, 1994.
Although the borehole is cased, the temperature profile from UE-17a appears to indicate
downward flow below approximately 250 m below ground surface. This flow most likely
occurs in the annular space between the casing and the borehole and is the result of
inadequate seal between the casing and the borehole. A least-squares regression of the
linear portion of the temperature profile above the portion of the temperature profile that
appears to be disturbed by flow in the annulus yielded a geothermal gradient of 0.019 °C m™.
Johnston er al. (1981) published thermal conductivity values for quartzite ranging from
45 to 7.1 W m'°C”. Combined with the measured gradient of 0.019 °C m™, these
thermal conductivity values would result in a range of heat flow from 85.5 to 134.9 mW
m™. Using an average thermal conductivity of 5.8 W m™'°C”, combined with the
measured thermal gradient, results in a heat flow value of 110.2 mW m™.
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Figure 15. Temperature profile, lithology, and well construction for borehole UE-16f.
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Figure 16. Temperature profile, lithology, and well construction for borehole UE-17a.
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UE-2ce

UE-2ce (Figure 17) was completed on January 25, 1977, to a depth of 502.92 m
below ground surface. Casing, 21.0 cm in diameter, was cemented in the borehole to a
depth of 495 m below ground surface. Depth to static water level in the well is 441.5 m
below ground surface, resulting in approximately 53 m of fluid above the bottom of the
casing in the borehole. The saturated portion of the borehole above the bottom of the
casing is located entirely within Paleozoic carbonate rock.

The temperature profile for UE-2ce was conducted by DRI on January 28, 2002.
The temperature log was stopped at 459 m below ground surface to prevent exiting the
access tubing for the well. A least-squares regression of the linear portion of the
temperature profile above the base of the casing in the borehole yielded a geothermal
gradient of 0.0015 °C m™. Using a thermal conductivity of 5.0 W m'°C™ (Sass et al., 1987),
combined with the measured thermal gradient, results in a heat flow value of 7.5 mW m™.

The extremely low heat flow value estimated from the temperature profile from
UE-2ce suggests significant horizontal flow within the carbonate aquifer has effectively
increased the thermal conductivity of the aquifer.

Amargosa Test Hole #1 and Amargosa Test Hole #2

Amargosa Test Hole #1 (ATH1) and Amargosa Test Hole #2 (ATH2) are located
southwest of the NTS (Figure 4). The two boreholes are located approximately 123 m
from one another.

ATHI (Figure 18) was completed on August 12, 1966, to a depth of 311.5 m
below ground surface. Casing, 24.4 cm in diameter, was cemented in the borehole to a
depth of 228.6 m below ground surface. The bottom 16.8 m of this casing were
perforated. Depth to static water level in the well is 14 m below ground surface, resulting
in approximately 197.8 m of fluid above the top of the perforated casing in the borehole.

The temperature profile for ATH1 was conducted by DRI on February 15, 2002.
As seen in Figure 18, a slight change in temperature gradient occurs at the basalt unit
located within the alluvium. A pronounced change in gradient can be seen at the contact
between the alluvium and the dolomite/carbonate lithologies. The average thermal
gradient above the contact between the alluvium and dolomite/carbonate lithologies
penetrated by the borehole yields a geothermal gradient of 0.0623 °C m™. Using an
thickness-weighted harmonic mean thermal conductivity of 1.21 W m™°C" for the
alluvium and the basalt units (Sass et al., 1987), combined with the measured thermal
gradient, results in a heat flow value of 75.4 mW m™. Within the carbonate units the
thermal gradient is 0.0013 °C m™. Using a thermal conductivity of 5.0 W m™'°C™" for the
carbonate units results in a calculated heat flow of 6.5 mW m™.
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ATH2 (Figure 19) was completed on August 11, 1966, to a depth of 252.4 m
below ground surface. Casing, 19.4 cm in diameter, was cemented in the borehole to a
depth of 236.2 m below ground surface. The bottom 11.3 m of this casing was perforated.
Depth to static water level in the well is 12 m below ground surface, resulting in
approximately 212.9 m of fluid above the top of the perforated casing in the borehole.
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Figure 19. Temperature profile, lithology, and well construction for borehole Amargosa Test
Hole #2.
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The temperature profile for ATH2 was obtained by DRI on February 15, 2002. As
seen in Figure 19, a slight change in temperature gradient occurs at the top of the basalt
unit located within the alluvium. A pronounced change in gradient can be seen at the
contact between the alluvium and the dolomite lithologies. The average thermal gradient
above the contact between the alluvium and dolomite lithologies penetrated by the
borehole yields a geothermal gradient of 0.0596 °C m™. Using a thickness-weighted
harmonic mean thermal conductivity of 1.25 W m™°C™ for the alluvium and the basalt
unit (Sass et al., 1987), combined with the measured thermal gradient, results in a heat
flow value of 74.5 mW m™. Within the carbonate units, the thermal gradient is vertical or
reversed. A reversed gradient (decrease in temperature with depth) would appear to
indicated the presence of downward heat flow, however, a more likely explanation would
be an actual cooling (the advective removal of heat) of the carbonate units due to
considerable horizontal flow.

DISCUSSION

Figure 20 shows the location and heat flow values for the 13 boreholes
investigated in this study. The only heat flow value calculated from a borehole common
between this investigation and the investigation of Sass and Lachenbruch (1982) is
borehole PM-1. Sass and Lachenbruch (1982) calculated a heat flow value of 42 mW m™
(Table 1); the current investigation calculated a heat flow value for PM-1 of 43.6 mW m’
? These heat flow values for borehole PM-1 only differ by 1.6 mW m™ (< 4%) and are in
good agreement.

In this study, heat flow values were obtained in the Paleozoic carbonate aquifer in
four boreholes, ATH1, ATH2, UE-1q, and UE-2ce. In UE-1q, heat flow values in the
carbonate aquifer and overlying volcanic tuff aquitard were remarkably similar,
approximately 30 mW m™), indicating the absence of advection of heat by groundwater
flow within the aquifer. In boreholes ATH1 and ATH2, the average heat flow in the
overlying alluvium and tuff units was determined to be approximately 75 mW m>;
however, within the carbonate aquifer, the calculated heat flow values, given the vertical
to slightly negative thermal gradients would have been near zero mW m™. In UE-2ce, the
calculated heat flow in the carbonate aquifer is 7.5 mW m™. The most likely explanation
for the extremely low apparent heat flow values in the carbonate aquifer at ATH1 and
ATH?2 is the presence of significant horizontal flow within the aquifer, with mixing and
dispersion of heat produced by the groundwater movement acting to effectively increase
the thermal conductivity of the carbonate unit. The heat flow value calculated for the
carbonate aquifer at UE-2ce was also extremely low (7.5 mW m™), indicating the
presence of groundwater flow within the carbonate aquifer penetrated by the borehole.

Anomalously high heat flow values were estimated in boreholes UE-17a, UE-16f,
and UE-11 (Figures 4 and 21). These boreholes are located in the vicinity of Syncline
Ridge on the western edge of Yucca Flat and penetrate argillites and quartzites. Unlike
vast portions of the NTS, the Syncline Ridge area does not contain volcanic rocks and
there is very little alluvium. A likely explanation for the high heat flow values estimated
in the area around Syncline Ridge is that heat flow is refracted away from areas covered
with lower thermal conductivity alluvium and volcanic units and channeled towards the
area near Syncline Ridge, where higher thermal conductivity quartzites, argillites, and
carbonate units overlie basement rocks.
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Figure 20. Heat flow values for 13 wells investigated in this study.

PM-1 (Figure 13), located on Pahute Mesa, displayed remarkable linear thermal
gradients with vertically consistent heat flow values of 43.6 mW m™. This would seem to
indicate the absence of either vertical or horizontal groundwater flow within the
hydrologic units penetrated by the borehole.

The heat flow value calculated for UE-18r, located on Buckboard Mesa, was
248 mW m”, approximately one-half of the heat flow estimated at PM-1. The
temperature profile present in UE-18r below the casing indicated significant downward
fluid movement within the borehole. If downward flow were present within the volcanic
units in this portion of NTS, this would explain the somewhat lower heat flow values
estimated at UE-18r as compared to PM-1.
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ATHI1 and ATH2 are located in the Amargosa Valley southwest of the NTS,
within 123 m from one another. Composite heat flow values for the alluvium and basalt
units overlying the dolomite and limestone aquifers in both boreholes were similar, as
one would expect: 75.4 and 74.5 mW m?, respectively. Temperature profiles measured in
the cased portions of the boreholes penetrating the aquifer displayed extremely low
(6.5 mW m™) to negative thermal gradients. As with the thermal gradient estimated in the
carbonate aquifer penetrated by UE-2ce, low thermal gradients and corresponding low
calculated apparent heat flows within the carbonate aquifers in these boreholes indicate
significant horizontal groundwater flow at these locations. The negative thermal gradient
seen in borehole ATH2 may be the result of significant advective heat transport due to
groundwater flow actually reducing the temperature of the carbonate units penetrated by
the wellbore. This concept appears to be supported by the difference in average
temperatures measured within the carbonate units within the two boreholes (Figure 19).
The average temperature within the carbonate units in borehole ATH1 is about 1.5 °C
warmer than within the carbonate units in borehole ATH2.

Additionally, both ATHI And ATH2 temperature profiles display significant
convex upward curvatures of the temperature profiles within the alluvium interval
between the carbonate and basalt lithologies penetrated by the boreholes. These
curvatures may be indicative of upward flow with the alluvium between the carbonate
aquifer and the basalt units in this area. Within the alluvium intervals of both boreholes,
the upper intervals of alluvium display smaller gradients than the lower intervals.
Assuming the thermal conductivities of the upper and lower alluvium intervals are the
same, this would suggest a reduction in heat flow in the upper alluvium intervals
compared to the lower alluvium intervals. A possible explanation for this reduction in
heat flow would be the removal of heat energy through advection by horizontal fracture
flow within the basalt units.

The lowest heat flows, which did not appear to be affected by groundwater flow,
were estimated in boreholes TW-7 and UE-5n, with values of 19.6 and 19.8 mW m™,
respectively. The low heat flow value calculated for borehole UE-5n is easily explained
by the borehole’s location in central Frenchman Flat. The depth to the carbonate aquifer
beneath Frenchman Flat in the vicinity of UE-5n is estimated to be greater than
approximately 2,000 m below ground surface (IT Corp., 2001). The thick section of low
thermal conductivity tuffs and alluvium overlying the carbonate aquifer would tend to
deflect heat away from the center of Frenchman Flat and towards the edges of the basin.
TW-B, although located only 2,240 m east-northeast of UE-1q, displayed a heat flow
value of 19.6 mW m? while the heat flow value at UE-1q was calculated to be
approximately 30 mW m™. Phelps and McKee (1999) examined gravity data to determine
the surface elevation of the carbonate aquifer in Yucca Flat. Their results indicated that
approximately 800-m-thick sections of tuffs and alluvium overly the carbonate aquifer in
the vicinity of TW-7 relative to UE-1q.

CONCLUSIONS

In this investigation, 145 temperature logs from 63 boreholes on, or near, the NTS
were examined. Of these, 13 boreholes were found to have temperature profiles suitable
for the determination of heat flow values from one or more intervals within the boreholes.
Heat flow values for intervals contained within the 13 boreholes ranged from a low of
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7.5 mW m?to a high of 110.2 mW m™. Vertical variations in heat flow values, within
individual boreholes, were readily explained by the advection of heat by groundwater
flow. Horizontal consistencies and variations in heat flow values between various
boreholes were dependent upon the geologic setting of the borehole, and the effect of
vertical fluid movement.

Of the 145 temperature logs examined in this study, 88 were obtained less than
one year after completion of the borehole from which they were acquired (two logs did
not contain information indicating the date on which the logs were obtained). The
majority of the 55 logs obtained more than one year after construction of the borehole
were acquired by LLNL or DRI in conjunction with radionuclide migration or hydrologic
investigations. Because most temperature logs archived at the NTS were obtained in
conjunction with other geophysical logs immediately following construction of a
borehole, examination of analog (paper) temperature profiles archived at the NTS would
probably not be productive. Although, without a doubt, a wealth of data exists in paper
logs archived at the NTS, a large effort would be required to review all those logs and
then digitize the most useful ones. This investigation most likely reviewed all the readily
available temperature logs from the NTS that were obtained more than one year after
completion of the borehole. However, as the utility of temperature logs in model
calibration becomes more evident, it may at some point become desirable to expend the
considerable effort necessary to mine the wealth of data present in paper logs archived at
the NTS.

Additionally, of the 13 borehole temperature profiles used in this study, only one
borehole (UE-18r) had been logged more than once, with subsequent temperature profiles
sufficiently separated in time, to ensure thermal stability of the borehole fluids. In this
study, the somewhat arbitrary limit of one year was used to determine whether a borehole
had returned to thermal equilibrium following construction. The actual time required for
a borehole to return to thermal equilibrium following construction depends on many
factors: borehole diameter, length of time required to drill, amount of drilling fluid
circulated during drilling, etc. To ensure a borehole is in thermal equilibrium with the
surrounding formations, two identical temperature profiles, obtained sufficiently separate
in time, must be obtained.

Because groundwater temperature is sensitive to conductive and advective
processes, groundwater temperature may be utilized as a tracer to further constrain the
uncertainty of predictions of advective radionuclide transport models constructed for the
NTS. Since heat transport, hydrologic and geochemical models for a given area must all
be consistent, uncertainty can be reduced by devaluing the weight of those models that do
not match estimated heat flow. Ambient heat flow information, such as presented in this
report, could serve as input for heat flux boundary conditions for flow modeling at the
NTS. Additional borehole temperature profiles that have been clearly impacted by
groundwater flow need to be identified and used to constrain the flow modeling.

Because heat flow data and hydrologic data are both obtained from boreholes, if
every borehole used to obtain hydrologic data was temperature logged, it would be
possible to have at least as many data points for a heat transport model as for the
hydrologic model. Of all the boreholes constructed for the Underground Test Area
program, none had been temperature logged more than one year after construction. Prior
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to yearly sampling, a temperature log should be obtained from these wells to determine
heat flow values for the borehole. Additionally, other boreholes previously logged should
be re-logged to ensure thermal stability of the borehole.

Temperature profiles are extremely easy and inexpensive to obtain. Considerable
hydrologic information can be determined from the examination of a single temperature
profile; however, if sufficient spatially distributed heat flow values are obtained, a heat
transport model of the NTS could be used to reduce the uncertainty of non-isothermal
hydrologic models.
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