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Abstract

Geothermal is a clean and renewable energy resource. However, locating where elevated thermal
gradient anomalies exist is a significant challenge when trying to assess potential resource volumes during
early exploration of a prospective geothermal area. In this study, we deployed 22 temperature probes in
the shallow subsurface along the south flank of the Mount Meager volcanic complex, to measure the
transient temperature variation from September 2020 to August 2021. In our data analysis, a novel
approach was developed to estimate the near-surface thermal distribution, and a workflow and code with
python language have been completed for the thermal data pre-processing and analysis. The long-term
temperature variation at different depths can be estimated by modelling, so that the relative difference
of deducing deeper geothermal gradient anomalies can be assessed. Our proposed inversion and
simulation methods were applied to calculating the temperature variation at 2.0 meters depth. The results
identified a preferred high thermal flux anomalous zone in the south Mount Meager area. By combining
with previous studies, the direct analysis and estimation of anomalous thermal fields based on the
collected temperature data can provide a significant reference for interpretation of the regional thermal

gradient variation.

1. Introduction

Thermal gradient surveys can aid evaluation of a thermal resource volume, identifying possible fracture
zones that conduct hydrothermal fluids, and development planning. Sestini (1970) explained in
inhomogeneous terrain that heat flow data alone can provide accurate information regarding productive
zones. Rybach (1989) presented a heat flow study as a significant parameter for understanding the
thermal conditions and processes at depth. Erkan et al. (2005) analysed temperature-depth data from
numerous deep wells to characterize the thermal regime. Some algorithms have been presented (e.g.
Bennett, 2008), for estimating surface heat flux, in which a summary of the heat flow techniques

commonly used in geothermal exploration was given.

Near surface heat flux is an important element for analysis of vertical thermal distributions and the related
numerical calculating methodology has been developed for decades. In shallow soil studies, Gao et al.
(2010, 2017) compared different methods for thermal flux evaluation, and used a novel approach to
evaluate soil heat flux (SHF), and compared previous methods for calculation, including the calorimetric
method and methods based on analytical solutions of the heat diffusion equation. Although the

temperature of rock or soil at the shallow earth surface is mainly influenced by solar heating, the collected



underground temperature variation still includes some thermal information from the upwards heat flux
from deep earth sources. Assouline et al. (2019) presented a Fourier modelling strategy to estimate the
apparent thermal diffusivity, and applied this to several locations in Switzerland. Sharratt (1992)
presented a finite difference method to calculate the thermal conductivity with a transient heat flow

equation, and the comparison shows that the finite difference is better than the harmonic method.

While those methods can determine the thermal flux, uncertainties in soil thermal properties and
environmental variation make the calculated results biased. For example, the land cover condition is in
part a function of varying physical conditions, influencing estimation of soil/rock thermal properties that
is a prerequisite for quantifying temperature changes in time. Thermal conductivity and thermal diffusivity
need to be added for modelling analysis, in particular for combined models for heterogeneous lithology,
which vary along with the temperature and have seasonal change. This means that the calculated thermal
conductivity without considering those factors may not represent its true nature, as such the thermal flux

prediction might not be reasonable.

Near-surface temperature monitoring can help to identify higher thermal anomaly that might be related
to permeable fracture zones, which will increase score of geothermal resource evaluation, furthermore
for supporting reaching net-zero emissions. In order to reduce the effect of thermal properties to upward
thermal flux, to estimate the zones of anomalous heat flux, this study is focused on determining the near
surface anomalies of temperature and thermal flux at different depths. Since daily and seasonal
temperature variation at near surface contains information from upward geothermal flux, the observed
thermal variation can be converted into quantitative estimates of flow parameters. We propose a method
to estimate the near-surface thermal distribution with a thermal inversion workflow, then simulate the
thermal variation in time series, which is used to predict the temperature at deeper location. The
calculated distributions are analyzed using statistical methods for locating possible thermal anomalies.
The performance of the method is validated in determining soil heat flux, and the results are compared
with previous studies. Our results will provide useful reference for heat transfer simulation and resource
assessment, and the calculated flow distribution will benefit future exploration, and design of drilling

plans.

2. Previous work
The Mount Meager is located approximately 170 km north of Vancouver in undeveloped mountainous

country (Fig. 1(a)). It lies at the northern end of the Garibaldi Volcanic Belt, which is the northern Canadian,



extension of the volcanic Cascade Range in the United States. Access has been limited since the landslide
of 2010 (Guthrie et al., 2012) washed out the bridge over the Lillooet River, although a new logging road
has provided limited access since 2021. The initial surface geologic mapping and radiometric age dating
of volcanic and intrusive rocks in the Mount Meager area was done by Read (1979). Additional geological
work and resulting information was briefly summarized by B.C. Hydro (1983). The Mount Meager volcanic
complex is a geologically young volcano that was active from about 2 Ma to a few thousand years ago
(pink contour in Fig. 1(b)), and still expresses thermal springs and fumaroles today (Read, 1979;
GeothermEx, 2004). The volcanic sequences consist of andesitic lava flows and pyroclastic units, and
dacite and rhyodacite domes and flows, and the basement beneath the volcanic complex comprises
intrusive quartz diorite and granodiorite and metamorphic rocks. The wells drilled at the South Meager
prospect on the southern flank of the massif penetrate into older intrusives, along with lesser dikes and
hydrothermal breccias (GeothermEx, 1995). The breccias are typical of active and fossil geothermal
systems, and the close association between the dikes and the breccias suggests significant heating and
subsequent fracturing of the host rock. Such fracturing is an a priori necessity for development of the
hydrothermal system, because it creates the permeability in crystalline rocks that is needed to allow hot
water to convect from deeper, hotter levels (as in the vicinity of cooling magma) into the shallower

environments that can be reached by drilling (GeothermEx, 2004).

The Mount Meager geothermal area has been explored for almost 50 years. In response to the Energy
Crises in 1970s, Canada initiated a Geothermal Energy Program and provided the first insight of the
thermal regime of Canada (Fairbank et al., 1983; Jessop, 2008). This work listed some of the highest
temperature geothermal systems in Canada which is related to volcanic belts in British Columbia and
Yukon. During previous study (before 2010), some geothermal-exploration wells were drilled in south
Mount Meager which showed high temperature geothermal resources (>250°C) and high thermal
gradients. In recent years, with the rising interest in geothermal potential in Canada, some new research
projects have been done in this area (Grasby et al., 2012, 2020), which includes integrated interpretation
with geological lineament, geophysical seismic & MT, and rock samples analysis etc. datasets for
geothermal resource assessment. Such evaluation better defines the subsurface resource, reducing the

drilling cost and exploration investment risk.

Although integrated methods have been applied for supporting this thermal resource evaluation,

additional research is required to identify the thermal flux path and permeable zone accurately, including



regional and local hydrologic effects on temperature. This is the main incentive for which temperature

probes were deployed in this area, and related data processing and analysis was developed in this study.
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Figure 1. (a) Location of study area; (b) Station distribution of temperature probes (red triangle) in south Mount
Meager, (source of base map: http://wms.ess-ws.nrcan.gc.ca/wms).

3. Methodology

3.1 Modeling methods for heat flux

In micrometeorology, measurement of soil heat flux is often considered within the context of the surface

energy balance closure,

R,—G=LE+H,

(1)


http://wms.ess-ws.nrcan.gc.ca/wms

where R,, is the net radiation; G is the soil heat flux density at the soil surface; LE is latent heat flux; H is

sensible heat flux (Sauer, 2007; Gao, 2010).

The temperature at any point changes at a rate proportional to the local gradient in the heat flow, as the

conservation of energy equation:

peli=—VJ @)

For a one-dimensional model, the conservation of energy equation (1) can be written in the general form:

ar aT . AT
pco;=—5 (A7), (3)

where the J is energy flux; the T is temperature; A is thermal conductivity; c is the soil specific heat

. . . . . . . A . .. _
capacity; p is soil bulk density; z is vertical distance; ¢, = pc; k = —is the thermal diffusivity (ms~?2).
v

In a discrete form of equation (3), based on the finite difference form of the transient heat flow equation,

the equation for a soil with three nodes (two layers) can be written as (Campbell, 1985),

Az3
At ’

W (LA ¥ (4)

Azq -

where AT, =T3 —T, = (T_?,j+1 + T3j)/2 - (TZjJr1 + sz)/2, is the temperature difference, and AT; =
T,-T, = (sz+1 + sz)/2 - (leJr1 + le)/2; Az =z, — 24, Azy = 23 — 25, and Azz = (z3 — z1)/2 are
the depth interval. The analytical solutions of equation (4) are available for a variety of heat sources, flow

geometries, and for different boundary conditions.

Another approach for modeling the heat flow is using a harmonic analysis of soil temperature at one
depth. Based on the harmonic analysis, the solution of soil temperature can be described simply using the

following function, (Horton, 1983; Hurley, 1993; Sauer, 2007; Assouline, 2019).
T(t,2) = To, + Sha{Anexp (— 238 sin(root + C, — 23, (5)

where M is the number of harmonics; Ty , is the initial temperature, and T is the diurnal amplitude of

surface temperature; A,, and C,, are the n'" amplitude and phase of the harmonics. In this study, we

assume the phase difference is a function of thermal diffusivity, where d (k) = \/Z—f, is the damping depth,

w is angular frequency and k is apparent thermal diffusivity.



Figure 2 shows the simulated temperature variation over 48 hours under ideal conditions, where the
thermal conductivity is 0.9 Wm~1K~! and the thermal diffusivity is 6 X 10~’m?s~! (Gao et al., 2017).
The temperature profile shows heat transport under steady-state flow of heat through media at different
depths, which indicates the daily solar thermal effect will be negligible at deeper zones (>1.0 m). Since an
assumed near surface geothermal thermal anomaly will affect the downward penetration of solar
radiation, this assumed model for calculating the temperature can be useful to estimate the subsurface

thermal flux by combining seasonal analysis.

351

Temperature (°C)
N w
(¥, o

\]
(=]

15+

0 10 20 30 40 50
Time (hour)
Figure 2. The simulated temperature variation for different depths due to the daily solar effect in ideal condition.

3.2 Inversion workflow

One simple method to calculate 4, and C,, in eq. (5) is using the Fast Fourier Transform (Sauer et al.,
2007; Assouline, 2019). In order to be able to use specific frequency range, e.g. daily and annual period,
and increase the flexibility of solution of the harmonic equation (eq. (5)) to estimate temperature at
depth, we assumed the underground apparent thermal diffusivity of rock/soil is constant in this area, and
employed classic inversion algorithm to calculate the variables. Based on the previous modeling methods
for calculating subsurface heat flux, we created an objective function of temperature variation and
employed a geophysical inversion workflow to solve the misfit function. Both daily and annual frequencies
are used in the function. Then the calculated amplitude and phase can be applied for simulation. We
assume the discrete inverse problem d = A(m) is a continuous operator from a model space M to a data

space D. Forany d € D and any parameter a = 0, there is a model m, € M, on which the functional:

P*(m) = LIL1(Ai(m) — dy)* + aZ}":dmj - mapr)z = min, (6)



where eq. (6) is composed of the misfit function and stabilizing functional. We used a gradient-type
technique, the regularized conjugate gradient (RCG) method (Zhdanov, 2002) to calculate the unknown

parameters, as shown in the following steps:
R, =A(m)—d (7)
" =1""(my) = F;Wc%Rn + aWi(m — Mapr)
_1112
A= R/ |||
G = 13" + BRI

ja0 _ ja0
l5° = 1o

kg = (JanT1amy /|| FrTen||” + a||wh,0em |y
My =My — kflm ' Zrolch’

where A(m) is the general analytical solution of harmonic analysis; R,, is the residual in data space; [3" is
the gradient direction; F; is the adjoin operator of the Frechet derivative matrix; mg,,, is the reference
model; k3™ is the step length, d is the measured time series temperature; m is the unknown modeling
parameter. W, is the data weighting, and W, is the model weighting. Here a is the regularization
parameter at the nt" iteration that provides a balance between the misfit and stabilizing functional. The

initial value of the regularization parameter «,, is determined with:

2 —All2
ao — Wd ”F(m) d” (8)

Wilm=mapr|’

In order to use the RCG method for the minimization of the parametric function, it is necessary to calculate

the first derivative of the data parameters with respect to the model parameters, e.g. Fréchet derivatives:

9P(my)  9P(my)  9P(my)
omy am; omy

Fn ={ } (9)

F,, is the calculated derivative. Figure 3 shows the schematic procedure of RCG inversion. Based on this
workflow, we developed python code for thermal flux modelling and inversion procedure, which can

calculate the temperature at different depths.
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Figure 3. Workflow of RCG iteration for predicting model parameters.

After obtaining the parameters of model, the daily estimates of temperature can be calculated with
equation (5). Equation (10) is expressed in an equivalent form to calculate the heat flux density for each
time interval i, then the heat flow at depth can be calculated with Fourier's first law (Fourier, 1822; Sauer,

2007):

G =—k; 2L =12 (10)

lAZL"

Figure 4 shows a modelling annual temperature distribution and its simulation with the inversed harmonic
functions. The raw data was downloaded from the weather database (red dashed line). The same physical
parameters from Figure 2 were used. We can see the trend of temperature variation with increasing depth
(0.5, 1.0, 2.0 meter). Based on the model testing results, the proposed method can be used for real data
processing and simulating the downward temperature distribution and its annual variation

characterization.
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Figure 4. Plots of the inversion testing results and simulated downward annual thermal (daily average) variation
(2019-2021).
4. Real data collection, analysis, and evaluation
Under the ongoing GNES program, the Garibaldi Volcanic Belt study is examining new methods to help
reduce exploration risk for blind geothermal resources. Besides geologic, geophysical, and geochemical
studies, temperature probes were deployed in the Mount Meager volcanic area (Grasby et al., 2020). The
datasets used for this study were collected from the southern Mount Meager area. We use these real

data to test our methods. The temperature records and thermal flux anomaly are as discussed below.

4.1 Thermal properties and probe

The thermal properties reflect the amount of heat transferred through a unit area in unit time (heat flux
density) under a unit temperature gradient. The soil thermal conductivity (A) is dependent primarily upon
the bulk density of the soil and its water content. Following an empirical relationship proposed in Lu et al.
(2014), A is considered as the apparent thermal conductivity, as latent heat transfer in the form of water
vapor, and cannot be separated from the heat conducting transport form (Selker, 2019; Hiraiwa and
Kasubuchi, 2000). The best fit relationship between A (Wm~1K~1) and 6, power relationships between

soil volumetric water content (8) and the corresponding parameters can be described as:
A= 0.2+ exp(1.46 — §703%), (11)

where 0.20 Wm™1K~1 is the thermal conductivity of dry soil and 1.46 and 0.34 are shape factors of the
fit curve, which are fitted using a global optimization algorithm (Vrugt et al., 2003; Gupta, 2007; Fuchs,
2015).



Soil water improves the thermal contact between the soil particles, and replaces air, which has 20 times
lower thermal conductivity than water. In this study, we tested two sets of apparent thermal conductivity

and thermal capacity values for summer and winter periods. Table 1 lists some thermal properties as

reference.
Table 1. Thermal properties of soil constituents (Hillel, 1980; Brutsaert, 1982).
Constituent AWm™K1]at Specific heat Density [kgm ™3] Volumetric heat
10°C capacity [Jkg K] capacity [MJm 3K ~1]
Quarts 8.8 741 2650 2.1
Soil minerals (avg.) 2.9 733 2650 1.94
Soil organic matter 0.25 1926 1300 2.5
Water (liquid) 0.57 4182 1000 4.18
Ice (at 0°C) 22 2108 919 1.938
Air 0.025 1005 1.2 0.0012

The probe used in this study are Hobo Water Temp Pro v2 made by Onset. The logger’s recordable
temperature range is from -40 °C to 70 °C with +0.2 °C accuracy and 0.02 °C resolution, which records at
half hour interval and holds a battery that can support about six years of data logging. The geographic

location of temperature probes is shown with red triangles in Figure 1(b).

Table 2. The shadiness index and burial depth of all sites

site ID 1A | 2A | 3A | 4A | SA | 6A | 7A | 8A | 9A | 10A | 11A | 12A | 13A | 14A | 15A | 16A | 17A | 18A | 19A | 20A | 21A | 22A
is:::):ness 02 | 005 |01|07|01|04|05]|03]|05|06 |08 |06 |05 |06 |08 |07 |06 |08 |06 |04 |09 |09
z‘:")a" depth | 1 2 |5 |4 |5 |a |2 5 |3 3 3 6 2 4 3 6 4 2 3 7 4

4.2 Data analysis and interpretation

The data were collected from September 2020 to August 2021. The burial depth of probes is displayed in
Table 2. When the surface was covered with low thermal conductivity snow, this blocked the solar heat
flux so that the distribution of temperature is stable without daily variation. In order to analyse the data
at the same scale, we selected temperature datasets with the same time periods in summer or winter. In
Figure 5 and 6, showing the plots of selected sample sites and periods, we can see the temperatures
record the daily variation of solar thermal flux and simulated temperature variation. The calculated
temperature at different depths are plotted to display the decreasing effects of solar radiance with
increasing depth. The temperature at 1.0 and 2.0 meters depth displays the least daily sunlight affect
(purple and brown dashed line). We assumed that the apparent thermal flux from below is a constant.
The predicted variation in the thermal gradients related to upwards heat flux are used for statistic analysis.
Also we can see those sites exposed under sunlight, the temperature variation become stable as depth
increases (site 1A in Fig. 5 and Fig. 6). The statistics results of temperature at 2.0 m during winter is plotted

in Figure 7, which identifies some anomalous spots, e.g. 15A, 16A, 21A.

10



For easier interpretation of predicted temperature at depth, the statistical results of four component

indexes are calculated. According to the energy balance equation (eq. (1)), the temperature gradient will

be

affected by subsurface thermal flux. This means the shape of temperature variation includes the

upward thermal information, so the thermal variation gradient and its relative anomalous index are

calculated for interpretation. The four component indexes are gradient components in positive and

negative directions; temperature difference at 2.0 meters depth; and average temperature during winter.

We assume that thermal conductivity is constant for all sites.
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Figure 5. Samples of calculated thermal variation of 2 months period from September-18, 2020 at selected sites
(1A; 4A; 16A; 21A).
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Figure 7. Plots showing predicted thermal statistics at 2.0 meters depth for all of sites in selected winter period.

Figure 8 shows four thermal anomalous indexes for identifying the potential location of high thermal flux.
The four component indexes are standardized relative difference with gradient components in positive
and negative directions G, = % ™1 (T; — T;_1); temperature difference between the peak and minimum
temperature at 2.0 meter depth, G,, = max(T,) — min(T,); and average temperature during winter
(mid-November to March), G,, = mean(T,). Figure 9 shows the combined index normalized weighted
summary with four indexes in Figure 8, we can see that there is a high relative difference of potential

enhanced thermal flux surround sites 16A and 21A along Meager Creek.
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Figure 8. Calculated component indexes based on predicted thermal variation during summer and winter periods,
(G_p means the positive gradient; G_n means the negative gradient; T_maxmin is the temperature difference
during summer period; T_winter is the average temperature during the selected winter period), (The size of dots

means the relative difference value of high thermal anomaly).
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Figure 9. Relative difference distribution with concatenating four indexes in Figure 8, line M-M’ is a schematic

section.

5. Discussion and conclusions

5.1 Discussion

The collected data during summer time shows the high effect of daily solar thermal flux. Because of this

effect, the calculated temperature of the near subsurface are not independent enough to reflect the effect

of the upwarding geothermal source. In this study, we used the same apparent conductivity for all of

probe sites, which might affect the predicted result. The thermal conductivity measurement of core

samples would be also necessary for integrated comparison.

The simulation method with temperature variation in time series can produce a thermal variation trend,

but the single temperature probe at each site in Mount Meager area can not remove the effect of solar

thermal radiation and compute the geothermal flux value. With current data sets, we can only calculate

the relative difference to show anomalous distribution of deep geothermal heat flux based on the relative

difference indexes. During the snow covered period, recorded temperature is not accurate to reflect the

seasonal variation because the thermal conductivity of snow is much smaller than surface rock or soil.
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Based on previous studies (Fairbank, 1978, 1979; Lewis, 1978), we updated a profile (Fig. 10) that shows
a selected vertical view in study area (see section M-M’ in Fig. 9). Figure 10a shows the temperature
logging profiles from different boreholes along the profile. We can see our calculated high relative
difference points (16A, 21A) is consistent with nearby borehole temperature logs (M1-74D and 301-2)
(Lewis, 1978), which show higher average temperature in shallow zone (<50 meters). This proved the
shallow thermal gradient anomalous zone along Meager Creek, and the stability of statistic analysis with
downward simulating temperature variation. More probe sites beside those wells will be useful to verify

the anomalous zone in future study.
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Figure 10. Vertical profile M-M’ in study area, a) temperature log profiles of nearby wells along the section M-M’;
b) section M-M’ showing the reservoir temperature distribution and geologic settings (based on Fairbank, 1979).

Since the solar radiation is much larger than geothermal flux rate on near surface area, the depth of probes
could be placed deeper in future surveys. For example, it works with measurement geometry of a few
meters per set with 30 cm interval if can overcome difficult of drilling into hard rock (Fig. 11). The deeper
temperature probe would be affected less by solar thermal flow and it would be easier to calculate the
finite difference solution, which will improve the reliability of measuring and calculated flux from deep

thermal source.
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Figure 11. Schematic of heat flow and temperature measurement.
5.2 Conclusions

The pre-processing, analysis and interpretation framework of time-series temperature data is presented
to extracted thermal flow anomaly with an inversion workflow and code with python language. This study
is a first test of the potential of the algorithm in identifying the shallow thermal anomaly successfully. It
can provide supporting information/evidence for regional surface thermal distribution, which is helpful
for the geothermal resource assessment and exploration. Although a single-level shallow temperature is
only measured, the interpreted results in Mount Meager area and comparing with previous study still help
us identify a possible high thermal flux anomalous zone by fluid convection along the Meager Creek. Also,
note that this methodology is generalizable to use for data analysis of multi-depths measurement.
Integrated interpretation with other geoscience data will narrow the uncertainty and produce more

accurate model results.
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