


RTDs to begin collection of 2M temperature gradient data. After
reviewing initial 2M temperature gradient data, additional stations
were added to test the effects of albedo and north-south slope
orientations. Two sites approximately 100 meters apart, one with
a light buff colored soil and the second mantled with dark red-
dish brown to black basalt gravels, were selected as albedo test
sites. Albedo probes were installed using the rock drill and were
emplaced to a depth of 1.7 meters, because the longest drill steel
currently being used is 6'. Two areas were selected for evaluation
of slope orientation. A hill approximately 25 meters high with
similar north and south facing slope angles, mantled with dark
reddish brown to black basalt cobbles and boulders with interstitial
buff colored soil, was selected for placement of 4 probes to test
the effects of slope orientation on 2M temperatures. These four
probes were also implaced using the rock drill and the two north
facing probes were placed to depths of 1.6-1.8 meters. The second
slope orientation site was a partially vegetated sand dune of light
tan sand approximately 8 meters high. One probe each was placed
on the north and south facing slopes.

Temperature Sensors and Instrumentation

We found that the gradient TCs which had a RTD at the 2 meter
position produced fairly accurate results when the temperatures
were normalized to the RTD temperature. After conducting the
survey for several months it was found that there was an additional
error associated with equilibration of TC and TC meter connec-
tors. When there was a significant difference in the temperatures
of the connectors of the permanent TC and the TC meter, up to
10 minutes was sometimes required for the mated connectors to
equilibrate and the temperature to stabilize. It was also found
that the use of an isothermal reference did not allow for accurate
correction of TC meter error and seemed to actually increase the
error. Because of the non-linear characteristics of TCs, the iso-
thermal block can only be used for temperature corrections when
the TCs in the 2M probe are close to the same temperature as the
isothermal block. Because of the errors associated with thermo-
couple measurements, the gradient TC sensors were eventually
abandoned and replaced with 3-zone RTDs (Figure 7).
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Figure 7. Proto type of 3 zone RTD for measuring temperatures in 2-meter
probes and switch for selecting RTD at 1, 1.5, or 2 meters.
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Seasonal Temperature Cycle

Measurements of the six primary Desert Queen locations col-
lected over the course of a year show a predictable seasonal cycle
(Figure 2). Background and high heat flow sites display a predict-
able sinusoidal pattern in which the phase of the 2M temperatures
lags the seasonal mean surface temperature (Figure 2). Differences
between background and high heat flow areas are relatively con-
sistent throughout the year. The sandy warm ground averages 7.8
C°+0.3 std., and the sandy hot ground averages 19.4C° £ 0.7 std.
The low standard deviation indicates that although there may be
significant differences in measured temperatures at a station, the
relative difference is consistent throughout the year and that when
the conducting 2M temperature surveys over a period of time the
seasonal drift can usually be compensated for by measuring base
stations and normalizing temperatures to the drift of the base sta-
tions. However, one should keep in mind that differences in soil
thermal conductivity and thermal inertia as well as other factors
can influence the rate of seasonal drift and base stations should
consist of representative soil types.

Seasonal Gradient Shift

Shallow temperature gradient measurements of the Mill Site
and the Hot Spot show that these background and high heat flow
areas have different patterns when viewed over a several month
period (Figure 8). Between September 2008 and January 2009, the
temperature gradient for 1-2 meters for the Mill Site changed from
—3.4 C°/m when surface soil temperatures were high,to a+6.7 C°/m
gradient in the winter. Over the same period of time, the 1-2 meter
gradient at the Hot Spot remained positive but changed from 5.8
C°/mto 13.9 C°/m. The differences in character of the shallow gra-
dients for background and anomalous zones illustrate the usefulness
of 2M gradient measurements to help in the identification of thermal
anomalies. Geothermal heat flux will influence the deeper portion of
the gradient more than the shallower portion of the gradient, which
is more susceptible to the influence of solar radiation.
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Figure 8. Graph of temperature gradients of a background (left grouping)
and the highest temperature stations (right grouping) at Desert Queen.
Similar color and line style represent temperatures taken on the same date.

Albedo Affects

Comparison of gradient graphs for the two albedo stations
over a 5 month period from winter to spring show a significant
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change in patterns (Figure 9). In December both soils have a
positive gradient. As the seasonal temperature cycle passes
through the annual minimum, the lighter soil appears warmer
and the gradients transition to negative values. Finally in spring
the gradients are negative and the darker soil is again warmer.
The fact that the lighter soil is warmer than the darker soil as the
temperature cycle passes through its annual minimum is likely
related to soil thermal conductivity. The rock drill was required
for emplacement of both probes, and the darker soil area was in
basalt bedrock for all but the upper few centimeters. The lighter
soil was composed of rocky soil and appeared to contain thick
caliche and/or tufa layers.
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Figure 9. Temperature gradients of albedo stations over a 5 month period
from winter into spring. B (brown) lines are the gradients of an area
mantled with dark basalt gravel and interstitial light silt, and T (olive) lines
are gradients of an adjacent area with light buff colored soil.

Correction for Slope Orientation

A pilot survey at representative sites at the Desert Queen
thermal anomaly was completed to test the effectiveness of shal-
low temperature gradients to map thermal anomalies and filter
the effects of topographic slope orientation. The standard 2M
temperature anomaly defined with the deepest of the three sensors
is consistent with the anomaly identified during the larger survey
of Coolbaugh et al. (2007) and Sladek et al. (2007). Two pairs of
north and south-facing slopes have higher temperatures on south-
facing slopes, thus generating “false geothermal” anomalies. This
was most evident at the slope pair “A” (Figure 10). When the
temperature gradient data from 1-2 meters is plotted, the main
thermal anomaly is reproduced, and the false thermal anomaly of
pair “A” is compensated for and both the north-facing and south-
facing slopes plot as background areas (Figure 11); however, the
“B” slope pair is over-compensated for and the north-facing slope
shows a false heat flux anomaly.

Conclusions

The use of the rock drill has made it possible to conduct 2M
temperature surveys in more challenging areas that were not pen-
etrable using an impact hammer. The rock drill makes it possible
to not only conduct surveys where large rocks were encountered
but in solid bedrock. Currently about 10 probes per day can be
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Figure 10. Temperatures at a depth of 2 meters, from a test survey of

the Desert Queen area March 18, 2009. The primary and secondary
temperature anomalies coincide with 2-meter temperature anomalies
identified during a larger survey conducted in the fall of 2006 (Coolbaugh
etal., 2007; Sladek et al., 2007). At two locations (pairs A and B above),
south-facing slopes have warmer temperatures than north-facing slopes at a
depth of 2 meters, thus producing “false” or “non-geothermal” anomalies.
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Figure 11. Temperature gradients from 1 to 2 meters, from the Desert
Queen test survey of March 18, 2009. In general, higher temperature
gradients in this figure match areas of higher temperatures at 2 meters
(Figure 10), which correspond to areas of higher geothermal heat flux
(Coolbaugh et al., 2007; Sladek et al., 2007). The “false” or “non-
geothermal” anomaly caused by the south-facing slope of pair “A” (Figure
10) has been eliminated on this temperature gradient map. The “false” or
“non-geothermal” anomaly on the south-facing slope of pair “B” (Figure
10) has been inverted on this temperature gradient map, such that the
north-facing slope has a somewhat higher temperature gradient than the
south-facing slope. Future processing procedures will attempt to combine
temperatures at a 2 meter depth with the shallow temperature gradients to
minimize solar heating effects.



placed if the rock drill is required for all sites. This can likely be
improved with practice.

Solar radiation effects caused by changes in albedo and topo-
graphic slope aspect can change temperatures at a 2 meter depth
by several degrees. Preliminary data suggests that albedo may be
a more significant factor during the warmer part of the seasonal
temperature cycle. Independent measurements of albedo can be
used to compensate for albedo-related solar heating effects. At
Columbus Marsh, Nevada, ASTER satellite imagery was used to
define a correlation between background 2M temperatures and
albedo. That correlation was then used to correct the 2M tem-
peratures for albedo, with a resultant improvement in the ability
to map geothermal anomalies.

Tests of TC and RTDs indicate that although errors inherent
with using TCs can be corrected for to a significant degree, RTDs
provide superior data quality. Because RTDs are still required to
correct for TC errors, the use of TCs is not practical.

Shallow temperature data collected over a one-year period
indicate that although there is a significant temperature change
from the seasonal minimum to maximum, the differences be-
tween background and anomalous heat flow areas are relative.
This indicates that 2M temperature survey data can be collected
throughout the year. However to minimize some environmental
effects, including variations in thermal conductivity, it is best to
conduct surveys over a limited time period. Base stations should
be measured with each round of probing for surveys conducted for
periods of longer than three or four days to determine if there is a
temperature change that warrants normalizing temperature data.
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Temperature gradient measurements can provide valuable
additional data that can potentially be used to compensate for
solar heat flux variations at the soil surface that can influence 2M
temperatures. In some cases, shallow temperature gradient mea-
surements appear to minimize temperature anomalies generated by
slope aspect. However temperature gradient data adds additional
levels of complication to data interpretation. Further research will
be conducted on shallow temperature gradients to determine how
the seasonal temperature cycle influences temperature gradients,
and to determine the best approach for using temperature gradients
to compensate for surface heat flux variations.
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