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Abstract we use a basket geothermal heat exchanger during 518 hr to freeze a portion of soil. This field
experiment is monitored using time lapse electrical conductivity tomography and a set of 47 in situ
temperature sensors. A frozen soil core characterized by negative temperatures and low conductivity
values (<10™* S/m) develops over time. A petrophysical model describing the temperature dependence of
the electrical conductivity in freezing conditions is applied to the field data and compared to two
laboratory experiments performed with two core samples from the test site. The results show that this
petrophysical model can be used to interpret field measurements bridging electrical conductivity to
temperature and liquid water content.

Plain Language Summary In order to better understand the evolution of permafrost
(spatial extent, temperature, and liquid water content distributions), we can use time lapse electrical
conductivity tomography. The electrical conductivity of a soil is influenced by water and ice contents,
temperature, salinity of the pore water, and the cation exchange capacity of the material. We test a
physics-based relationship connecting temperature, ice content, and electrical conductivity. This
relationship is tested on two core samples and compared with field observations during a in-situ test
experiment. In this experiment, we generated a frozen soil core using a geothermal heat exchanger, and
at the same time, we recorded the temperature and electrical conductivity distributions. We found a good
consistency between the field data and the model, which means that from the distribution of the

electrical conductivity of the frozen soil, we are able to recover its temperature.

1. Introduction

There are several reasons to develop techniques able to monitor permafrost in the subsurface of the Earth.
First, due to climatic changes, the progressive degradation of permafrost poses a risk to infrastructures
(Gruber et al., 2004; Ravanel et al., 2017; Beniston et al., 2018). Monitoring changes in temperatures and
ice and liquid water contents in the ground is necessary to understand the adaptation of ecosystems of cold
regions and to try to mitigate the release of CO, into the atmosphere (Schaefer et al., 2014). In addition,
anticipating the evolution of permafrost will make it possible to optimize the use of newly available natural
resources (Gautier et al., 2009; Instanes et al., 2016). Finally, harvesting thermal energy from the ground to
heat buildings and various types of facilities can locally generate frozen areas in the ground that need to be
monitored as well (Moch et al., 2015; Self et al., 2013).

Electrical conductivity tomography is a simple geophysical technique that can be used to image and monitor
changes in the electrical conductivity distribution of the subsurface. Electrical conductivity tomography has
been recently used to image permafrost in the shallow subsurface (e.g., Scott et al., 1990; Kneisel, 2006;
Magnin et al., 2015). This has prompted the recent development of an improved physics-based petrophysical
model, beyond the classical Archie's law, to connect electrical conductivity to temperature (e.g., Coperey
et al., 2019; Duvillard et al., 2018). Such model needs to be further tested. This is the goal of this paper: to
precisely test a model connecting electrical conductivity to temperature through an exponential soil
freezing curve.

In the present paper, we use a basket heat exchanger to freeze a portion of the ground, which is monitored
using time lapse electrical conductivity tomography. This allows reconstructing an in situ electrical
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conductivity/temperature relationship, which can be compared to laboratory experiment performed on two
core samples from the test site. In turn, these data can be used to test the petrophysical model recently devel-
oped by Duvillard et al. (2018) and Coperey et al. (2019).

2. Electrical Conductivity Versus Temperature
In the absence of ice in the pore space, the dependence of the electrical conductivity of a soil o(T) (in S/m)
with the temperature T is given by (Vinegar & Waxman, 1984)

o(T) = o(To)[1 + ar(T—To)), ey

where ar &~ 0.021 °C™, T, = 25 °C. Fundamentally, equation (1) reflects the effect of temperature on the
ionic mobility of the charge carriers. Below the freezing temperature, we need to consider the change in
the liquid water content 6 (dimensionless) with temperature T and the segregation of the salt in the liquid
pore water. The following freezing curve can be used to describe the dependence between 6 and T (in °C)
(see Duvillard et al., 2018):

T—T
($-6,)exp (——F) 0, T<T;
Tc
¢, T>TF

0(T) = : 2

where T (in °C) denotes the freezing temperature, T (in °C) denotes a characteristic temperature asso-
ciated to the pore size distribution, 6, denotes the residual liquid water content at low temperatures, and
¢ (dimensionless) denotes the (connected) porosity. The soil freezing curve can be related to the character-
istics of the pore size distribution like the capillary pressure curve (Spans & Baker, 1996). In freezing condi-
tions and accounting for the salt segregation effect, the electrical conductivity of the porous material is
(Coperey et al., 2019)

o(T) = o(To)[1 + ar T—Ty), 3)

where m (dimensionless) corresponds to the porosity exponent of Archie's law and o(T,) denotes the conduc-
tivity (in S/m) at the reference temperature T, (=25 °C). While not apparent in equation (3), this model com-
prises both a conductivity contribution in the pore space and a surface conductivity contribution associated
with electrical double layer (and therefore related to the cation exchange capacity [CEC] of the material).
Assuming m = 2.0 (Vinegar & Waxman, 1984) and using equations (2) and (3), the conductivity of a soil
depends on the temperature according to

(To)
¢

o(T)w [(¢—9,)exp (— T;CTF) + e,} o) 11 4 ap(T=To)]. @)

Equation (4) has been developed for fully liquid water-saturated conditions above the freezing temperature.
It can be easily generalized to conditions for which the initial water content is 6; (rather than the water con-
tent at saturation 65 = @) by replacing ¢ by 6; < ¢ in equation (4). In the present study, we want to test these
equations to model the change in conductivity associated with freezing of a soil.

3. Field Experiment

Five helical geothermal heat exchangers were set up in 2011 (labelled HE1 to HES5) at a test site located in
Technolac in Savoie, France. HE1 is made of 100 m of polyethylene tube (internal/external radii 25 and
22.7 mm, respectively), enrolled with a pitch of 0.08 m (Figure 1). They were buried at a depth of 3.4 m
and backfilled by the local soils and sediments with a mix of clay, silt, and gravels. They are located in the
vadose zone of the soil above the water table, located roughly at a depth of 5 m. The circulating fluid is a
monopropylene glycol aqueous solution (40% glycol in weight) for the heat exchangers, and water is used
for the convector heaters. For our experiment, we used two heat exchangers. The activity of HE1 is moni-
tored using electrical conductivity tomography (Figure 1). HE5 (located 20 m away from HE1) is used to
adjust mass flow for a correct functioning of the heat pump.
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Figure 1. Sketch of the geometrical setup used for the field experiment. (a) Geometrical setup of heat exchangers and temperature probes. The test site comprises
five basket heat exchangers (labelled HE1 to HES, Terra Spiral exchangers) buried between 1.1 and 3.5 m. During the experiment, only two heat exchanges are used,
and we focus our experiment on HE1. The temperature distribution around HE1 is monitored with 47 thermocouples, distributed along seven vertical profiles
(labelled PO to P7). In addition, the temperatures of the soil in contact with the spires of HE.1 are determined from the inlet/outlet temperature on the heat-carrying
fluid (see the red dots on HE1). Along the ground surface, we use 64 stainless steel electrodes (only electrodes 33 to 58 are shown, blue arrows) with a spacing of 1.0
m to perform a 2.5-D electrical conductivity tomography. (b) Description of the main components of the geothermal heat pump. (HE) Terra Spiral exchangers
(from Ryb); (1) heat pump (AUREA 20Z from Ciat); (2) four-way valves; (3, 4) heat exchanger selecting valves; (5) circulatory pumps; (6) filter; (7) flow meter; (8)
steam traps; (9) manometers; (10) expansion tank; (11) convector heater (MAJOR 2 from Ciat). (c) Helical heat exchanger. The coil corresponds to 100 m of a

polyethylene.

Before starting the heat pump, we recorded the background temperature of the soil during 96 hr. At t =0 hr,
we started the heat pump and the circulator pumps, which worked for 518 hr (x21.6 days). Data measure-
ments (soil and fluid temperatures, mass flows, and extracted heat) was performed every 15 min
(Figure 2). We recorded ground temperatures along seven vertical profiles thanks to four wire Pt100 probes
with an accuracy of 0.2 °C (Figures 1a and 3). We also used the temperature along the heat exchanger tube to
improve our estimate of the ground temperature distribution. Snapshots of the temperature distributions are
shown in Figure 3.

In addition of temperature measurements, we performed electrical conductivity tomography. We took nine
snapshots of electrical conductivity measurements along a single profile before and after the heat pump was
turned on. The measurement times are t; = —22 hr, t, = 0 hr, t3 = 22 hr, t, = 48 hr, t5 = 74 hr, t; = 146 hr,
t; =194 hr, tg = 242 hr, and ty = 518 hr. The measurements were performed with an ABEM-SAS Terrameter
and 64 steel electrodes (spacing 1.0 m, see position in Figure 1a). We used a Wenner protocol, and the num-
ber of stacks was between 3 and 6 to target a standard deviation of of less than 1%. The nine pseudosections
data were inverted with the software IP4DI using the time lapse inversion approach developed by Karaoulis
etal. (2013). In order to improve inversion, we used a nonuniform time regularization called the Active Time
Constrained method (Karaoulis et al., 2014). The inversion converged at Iteration 8 for which the root-mean-
square error reaches a constant level. To highlight the resistivity anomaly resulting from temperature varia-
tions, we computed the change in model resistivity for each snapshot with respect to the background
section (Figure 3).

COPEREY ET AL.
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Figure 2. Experimental setup. (a) Entrance and exit temperatures. The heat pump (HP) and circulator pumps were started
att=0hr, during 518 hr (~21.6 days). After only 1 hr of running, the temperature of the heat-carrying fluid entering by the
bottom of the heat exchanger was below 0 °C. After ~35 hr, the exit fluid temperature was also below 0 °C. Just before the
heat pump stops (¢ = 518 hr), entrance and exit fluid temperatures were —7.2 and —3.0 °C, respectively. (b) Heat extracting
and mass flow for the heat exchanger HE1. During this stage, the heat extracting and mass flow oscillated around 722 W
and 5.45-10° m?/s, respectively. At t = 518 hr, the heat pump was switched off, and the exit fluid reached 0 °C after 24 hr.
The circulator pumps were stopped at 584 hr.

4. Results and Interpretations
4.1. Field Experiment
In Figure 3, we see that the temperature distribution around the heat exchanger decreases to negative values

indicating that the area, in the presence of liquid water, is susceptible to freeze. Simultaneously, the resistiv-
ity increases drastically in the upper part of the heat exchanger where liquid water is likely to be present. In
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Figure 3. Snapshots of the temperature change and relative change in resistivity distributions for five selected times. The
contour lines denote the temperature in °C. The position of the heat exchanger HE1 is also shown on the sections. The
reference time (¢y) corresponds to the acquisition performed when the heat pump started. The red dot on the last section
denotes the position at which electrical conductivity is reported as a function of temperature in Figure 4.
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% of the water content is much below the value of the porosity (dry soil). We
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Figure 4. Electrical conductivity versus temperature from the in situ mea-
surement. The symbols denote the field data (red above the freezing tem-
perature and blue below the freezing temperature), while the plain lines
correspond to the fit of the model. The model discussed in the text fits the
data relatively well. We need to remember that the initial water content is
close to the residual water saturation. This explains the relatively modest
change in the conductivity during freezing conditions. In other words, the
results imply that the material is already pretty dry when freezing starts.
Above the freezing point, the model parameters are o(To = 25° C) = (1.42 =
0.05) X 1072 S/m and ar =0.012 + 0.002/°C (r2 = 0.93). Below the freezing
point, the value of model parameters are T = —0.46 + 0.16 °C, 6; = 0.010 +
0.007, and 6, = 0.0014 + 0.0003 (+* = 0.99). The freezing point is slightly
above 0 °C. This positive temperature can be explained by the uncertainty in
the interpolation of the temperatures from the point measurements.

5. Discussion

were performed in a temperature-controlled bath. The samples were first
dried and then saturated under vacuum with pore water from the aquifer.
The electrical conductivity of this water was measured with a calibrated
conductimeter (0.117 S/m at 27 °C). The temperature-controlled bath is
a KISS K6 chamber from Huber working with a precision of 0.1 °C in
the temperature range —16 to +20 °C. The electrical conductivity mea-
surements were performed with the impedance meter developed by
Zimmermann et al. (2008) and are reported here at 1 Hz. The experimen-
tal data together with a fit of the data with equations (1) and (4) are shown
in Figure 5. We see that the model fits the data for all the temperature
investigated here. In Table 1, we see that the model parameters are consis-
tent between the field and laboratory experiments. We have to remember
that the main difference between the field and laboratory experiment cor-
responds to the initial water content. Indeed, the modeling from Figure 4
indicates that the soil is nearly dry when the freezing begins, which
explains the reduced variations in resistivity in the time lapse tomograms.

In the field experiment, we need to explain why the variation in the electrical conductivity is limited to the
shallow subsurface (first meter). It is known that the formation of ice in a porous material sucks the liquid
water through capillary pressure effects (cryosuction) and could have dried up the soil around the frozen soil
core. This effect has been described in the literature (e.g., Sass, 2004, and references therein). Another effect
is that the heat exchanger could mask the resistivity variations at its position.

Another point that needs to be discussed is the uncertainty associated with the model parameters deter-
mined from a least squares technique. These parameters are very well constrained by the data. For instance,

Table 1

List of the Optimized Parameters for the In-Phase Conductivity

Experiment a(Top) ar 6, e CEC 1)

In situ 0.0014 0.012 0.001 —0.5+0.2 = —
Sample NW 0.039 0.017 0.003 —23+0.1 8.7+ 1.0 0.21 + 0.01
Sample SW 0.0017 0.019 0.002 —23+0.1 10.1 £ 1.0 0.23 + 0.01

Note. The conductivity o(T) and the residual conductivity o,{—10 °C) are reported in S/m. The sensitivity coefficient
o(Tp) is expressed in °C™ and determined above the freezing condition using the linear models. The residual water
content 6, is dimensionless, and CEC is the cation exchange capacity in meq/100 g (=963.20 C/kg), and ¢

denotes the connected porosity (dimensionless). The fitting was done by considering m ~ 2. The initial water contents
are respectively equal to 0.002 for in situ experiment and equal to the porosity for the laboratory measurements, which
are done in saturated conditions. The critical temperature T, is associated with the pore size distribution. Note

that the fine structure of the two soil samples has not been preserved, and it is therefore not surprising that this para-
meter is different for the laboratory experiment and for the field experiment.
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Figure 5. Electrical conductivity data versus temperature for two soils samples from the test sites and fit of the data with
equation (4). (a) Sample NW between —16 and +20 °C (Tr = — 2.5 ° C). (b) Soil sample SW between —16 and +20 °C
(Tp = —2.5°C). The value of the model parameters are reported in Table 1. In both cases, the symbols denote the
experimental data (red above the freezing temperature and blue below the freezing temperature), while the plain lines
correspond to the fit of the model. Compared to the previous figure, we prefer to plot in log scale for electrical conductivity
since the change in conductivity is large (more than a decade). The variations in conductivity are greater in these two
experiments than in the in situ experiment. This is explained by the different initial saturation. The core sample is fully
saturated in the laboratory experiment, while the soil is partially saturated in the field. Note the samples have been
remolded, which can explain why the value of T¢ is different between the field data and the core samples.

the freezing point is the point where the resistivity exhibits an abrupt drop in the slope of the conductivity
versus temperature trends (see Figures 4 and 5). The characteristic temperature defines the abruptness of
the transition between liquid and frozen water. The initial water content is related to the magnitude of
the drop in resistivity. The residual water content is determined by the plateau of the electrical conductivity
level at low temperatures. The characteristic temperature is associated with the pore size distribution.
Freezing begins in the large pores, and then, with the decrease in temperature, it can be carried out in smal-
ler pores. This process is very similar to the soil drainage process (Spans & Baker, 1996). The characteristic
temperature from the laboratory experiments is close but slightly lower than that determined for the in situ
experiment (maximum deviation less than 0.5 °C). Thus, from our point of view, the differences in values are
related to the different shapes of temperature curve, induced by different pore size distribution due to their
sampling and saturation. In addition, in laboratory measurements, the sample is saturated and releases
latent heat that dissipates slowly, whereas in the in situ experiment, the medium is not fully saturated
and the latent heat is quickly captured and dissipated thanks to the geothermal exchanger. These differences
in dynamics necessarily have an impact on the thermodynamic equilibria and therefore the propagation of
the freezing. The sensitivity of these three parameters on the evolution of electrical conductivity versus tem-
perature curve is shown in Figure 6.

-1 T T T T T T T -1 T T T T T T T

Freezing point - "
- "

25 b

35 - m —

log[Electrical conductivity (S/m)]
log[Electrical conductivity (S/m)]
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Figure 6. Sensitivity study of the electrical conductivity versus temperature for different values of characteristic tempera-
ture, freezing point, initial and residual water contents using the freezing curve model corresponding to equation (4). a.
Influence of the characteristic temperature. b. Influence of the freezing point. c. Influence of the residual water content.
For the part without freezing, the conductivities were computed with equation (1) associated to a7=0.02/°C and
o(Ty=25°C) = 1.42.10"°> S/m.
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Other models have been developed in the past to account for the effect of the temperature on the electrical
conductivity curve (see, for instance, Minsley et al., 2015; Ren & Kalscheuer, 2019). However, our model is
the first to account simultaneously for a number of effects (shown in Figure 6) including (1) the effect of the
temperature on the ionic mobility of the charge carriers, (2) a soil freezing curve and its effect on the relation-
ship between temperature and the liquid water content, and (3) the residual water saturation and the effect
of the salt segregation. For all these reasons (discussed in detail in Duvillard et al., 2018, and Coperey et al.,
2019), our model has a unique way to capture the effect of temperature on the electrical conductivity of por-
ous media and predicts a dependence on the liquid water content that is very different from Archie's law
alone, which is unfortunately broadly used in the literature as a conductivity equation without accounting
for the effect of surface conductivity and salt segregation.

6. Conclusion

We have developed a field experiment using a basket geothermal heat exchanger to generate frozen ground
in the shallow subsurface, above the water table. The development of this frozen area was performed using
time lapse electrical conductivity tomography, and temperature was monitored using in situ thermal probes
combined with the record of the temperature of the heat-carrying fluid in the heat exchanger. The variation
of the electrical conductivity with temperature can be understood using a petrophysical model that com-
bined recently developed electrical conductivity models with a soil freezing curve taking the form of an expo-
nential relationship between the water content and the temperature. This is the first time that this model is
validated through an in situ experiment and on core samples from the test site. The field data are favorably
compared with laboratory measurements; the differences can be explained by different initial water satura-
tion. In the future, we plan to improve the resolution of the electrical conductivity monitoring in order to
obtain the temperature field distribution only from the geophysical data.
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