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Abstract: The thermal conductivity of a stratum is a key factor to study the deep temperature
distribution and the thermal structure of the basin. A huge expense of core sampling from boreholes,
especially in offshore areas, makes it expensive to directly test stratum samples. Therefore, the use
of well logging (the gamma-ray, the neutron porosity, and the temperature) to estimate the thermal
conductivity of the samples obtained from boreholes could be a good alternative. In this study, we
measured the thermal conductivity of 72 samples obtained from an offshore area as references. When
the stratum is considered to be a shale–sand–fluid model, the thermal conductivity can be calculated
based on the mixing models (the geometric mean and the square root mean). The contents of the shale
and the sand were derived from the natural gamma-ray logs, and the content of the fluid (porosity)
was derived from the neutron porosity logs. The temperature corrections of the thermal conductivity
were performed for the solid component and the fluid component separately. By comparing with the
measured data, the thermal conductivity predicted based on the square root model showed good
consistency. This technique is low-cost and has great potential to be used as an application method to
obtain the thermal conductivity for geothermal research.

Keywords: thermal conductivity; well logs

1. Introduction

The thermal conductivity (TC) of rocks is a measure of their ability to conduct heat. It
is defined as the quantity of heat that passes in the unit time through a plate with a certain
area and thickness whose opposite faces have a temperature difference of one kelvin [1].
There are two ways to obtain the TC of rocks: (1) the direct way to test a rock sample in a
laboratory to measure it, and (2) the indirect way to calculate it based on geophysical well
logging employing appropriate models.

Laboratory measures are relatively more accurate and reliable; however, there are also
some deficiencies. Firstly, borehole samples are rare and not easy to obtain. Additionally,
limited and discontinued samples cannot provide enough information or represent the
study area. Further, there could be some small fractures in the rock samples because of the
released stress, which will cause analytical errors of the testing. Using the well logging data
to determine the TC of the borehole rocks is fast and economical, and more importantly, it
can reflect the in situ properties. For determining TC, an empirical relationship was derived
based on the sonic velocity or the bulk density in California [2]. However, it sometimes
does not work well in other study areas and lacks physical principles. Our goal of this
paper is to develop a quantitative prediction model of TC based on well logging, including
gamma-ray, neutron porosity, and temperature logging.

Renewable energy is collected from a renewable resource, which is naturally replen-
ished on a human timescale, including carbon neutral sources such as solar, wind, rain,
tides, waves, and geothermal energy [3]. Geothermal energy is a clean and renewable
energy source that can be found in abundance on earth [4].
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In this study, we introduced a shale–sand–fluid model and used well logging, natural
gamma ray and neutron porosity, to estimate the component proportions. Two mixing laws
(geometry mean and square root mean) were considered in calculating the TC. Additionally,
the temperature corrections of solid and water were performed separately based on the
temperature logging data. The predicted TC has good agreement with the tested TC. TC
is a key parameter in geothermal energy studies. Terrestrial heat flow at a given locality
is the rate of heat transferred across Earth’s surface at that place per unit area per unit
time [5]. Combining TC with temperature gradient, the heat flow can be determined [6].
Given enough heat flow data, we can obtain a contour map which can help us find the
geothermal reservoir. Further, TC can be used to calculate the temperature field, which is
the foundation of evaluating geothermal resources [7].

2. Thermal Conductivity Estimation

The TC of rocks can be influenced by other factors such as pressure, temperature,
porosity, and fluid saturation [8]. According to the laboratory experiments, 2000 m buried
depth can cause only a less than 2% increase in TC, which is within the analytical error of
the laboratory testing [9,10], so the pressure has no significant influence on TC in the study
area. Therefore, pressure correction was not considered in this paper.

2.1. Mixing Law

The mixing law was used to quantify the mean or effective TC value of in situ rock or
formation [1]. The mixing model that can describe the geometry of rock or formation most
accurately should be chosen to estimate the mean TC value. There are three important
models to be considered: the harmonic mean, the arithmetic mean, and the geometric or
square root mean.

The harmonic mean (Equation (1)) can be applied to bed layers whose heat flow is
perpendicular to the layers. For example, this can apply to the vertical well drilled through
the horizontal stratum. This is a weighted mean of the thermal resistance of each layer
based on their proportions:

1
kB

=
n

∑
i

φi
ki

(1)

where kB is the mean TC, and ki and φi are TC and the proportion of the ith component,
respectively.

If the heat flow transfers parallel to the layers like the faulting and the igneous
intrusion, the arithmetic mean (Equation (2)) would be the best. This is a weighted mean
TC of each layer based on their proportions:

kB =
n

∑
i

φiki (2)

The mean TC of a rock composed of different minerals is the most difficult to be
described mathematically. Several components are randomly orientated and distributed in
the rock. In this case, the geometric mean and the square root mean are most widely used
to approximate the TC of a rock.

Beardsmore (2001) [1] suggested the geometric mean, which is the product of the TC
of each component powered by its proportion:

kB =
n

∏
i=i

kφi
i (3)

Roy et al. (1981) [11] suggested the use of the square root mean with a greater physical
basis rather than the use of the geometric mean:
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√
kB =

n

∑
i

φi
√

ki (4)

The difference between these two models is about 6–7%. Therefore, it is important to
choose the most appropriate model. The square root mean based on physical principles is
recommended unless there are some reasons to choose the other model.

2.2. Temperature Correction

The TC of rocks is sensitive to the temperature and the value of TC decreases with the
increase in the temperature as governed by:

k(T) =
T0Tm

Tm − T0
(k0 − km)

(
1
T
− 1

Tm

)
+ km (5)

where km is the calibration TC at Tm (1.05 W·m−1·K−1), k0 is TC at the laboratory tempera-
ture T0, T0 is the laboratory temperature at which k0 was measured (293 K in this study),
and Tm is the temperature at which km was measured (1473 K) [12].

However, this equation is based on dry rocks. The TC of water is different from the
TC of rocks and varies significantly with the temperature change as:

kwater = 0.5706 + 1.756 × 10−3T − 6.46 × 10−6T2 (6)

where T is the temperature in ◦C within 0.3% error from the real TC value in the temperature
range from ◦C to 200 ◦C [13].

3. Method
3.1. TC Measurements in a Laboratory

There are many ways to measure TC in laboratories. In general, there are two basic
techniques, which are the steady-state methods and the transient or unsteady-state methods.
Each of these methods is suitable for limited materials and temperature ranges. In the geo-
science field, the optical scanning method, which is an unsteady-state method suggested
by the International Society for Rock Mechanics (ISRM), has been widely used [14,15].
The TC measurements were performed by A TCS (TC Scanner, Germany) in this study.
Variations among inhomogeneous samples of variable size (1–70 cm) and shape can be
recognized by this instrument [16]. The factor G (standard deviation/mean) and Inhomo-
Factor ((maximum-minimum)/mean) were used to describe the uncertainty. Within the
TC range of 0.1–70 W·m−1·K−1, this instrument has high precision (3%) and accuracy (3%,
0.95 significance level) [14]. This method has been used in the China Continental Scientific
Drilling Project by He et al. (2008) [15] and the heat dry rock exploration in Subei Basin by
Wang et al. (2020) [17]. These projects yielded good results and confirmed the reliability of
this method [15,17].

3.2. TC Prediction Based on Well Logging

In this study, we suggested a model assuming that the sediments consist of three
components, which are sand, shale, and fluid. Taking into account the different properties
of each component, the TC of rocks can be expressed as:

krock = f
(

kshale, ksand, k f luid, Vshale, Vsand, φ, T
)

(7)

where K and V are TC and the volume of each component, respectively, φ is the porosity,
and T is the temperature.

There are four procedures needed in determining TC based on the well logs: (1) figur-
ing out the volume of shale and sand, (2) calculating the TC value of the solid, (3) tempera-
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ture correction of the TC values of the solid and the fluid, and (4) mixing the TC values of
the solid and water.

The well logs of the natural gamma-ray (GR) and the neutron porosity were available
in the burial depth range from 1200 m to 2650 m. To minimize the noise appearance of the
logging tools, a moving average on the logging data with a window of 4 m was performed.

To obtain the TC value of the solid, the shale content should be determined first. Here,
we used gamma-ray (GR) to obtain the volume of the shale. The parameters used are
shown in Table 1. The calculation of gamma ray index is the first step. The following step
is from Schlumberger, 1974 [18]:

IGR =
GRlog − GRmin

GRmax − GRmin
(8)

Table 1. The response parameter and the TC value of each component used in the logging data.

Component GR (API) k (W/(m·K)) Apparent Thermal Neutron Porosity

Sand 30 5.0 0
Shale 160 1.7 0.18
Air - 2.6 × 10−2 -

Water - - 1

IGR is the gamma-ray index, GRlog is the gamma-ray reading at the depth of the
interest, and GRmin and GRmax are the minimum and the maximum gamma-ray readings,
respectively. It shall be noted that the minimum/maximum gamma-ray readings are
usually the mean minimum/maximum readings using clean sandstone/shale [18]. Here,
the values of GR for sand and shale are set as 30 and 160 API, respectively.

The volume is calculated (Vsh) from IGR [19]. Here, we use Clavier (1970) formulae [20]:

Vsh = 1.7 −
(

3.38 − (IGR + 0.7)2
)0.5

(9)

Then, we should estimate the porosity. In this paper, we use the neutron porosity.
Neutron porosity is sensitive mainly to the amount of hydrogen atoms in a formation.
The reads of neutron porosity are scaled by pure limestone saturated with fresh water,
which contains no elements that contribute significantly to the signal. However, in shaly
sandstone formation, the clays have the amount of bound water molecules on their surface,
which could increase the hydrogen index, the neutron porosity [21]. The control function is
given by:

φN = (1 − Vsh − φe)φma,app + Vshφsh,app + φeφp f ,app (10)

where φN and φe are neutron porosity and effective porosity (no bound water), respectively.
φma,app, φsh,app and φp f ,app are apparent thermal neutron porosities of matrix, shale, and
pore fluid, respectively. In this study, the φma,app containing no water is 0, and the pore
fluid is treated as water, so it is 1. φsh,app is inhomogeneous and changeable and ranges
from 0.1 to 0.3. Here, we set it as 0.17.

After knowing Vsh and porosity, the volume of sand is 1 − Vsh − φe, and then we
needed to calculate the proportion of sand and shale in the solid and use the mixing law
(Equation (3) or Equation (4)) to obtain the TC value of the solid. The TC of each component
should be determined first. The mineral thermal conductivities are summarized in Table 1.
The sand is mainly composed of quartz and feldspar. The TC of quartz (7.5 W/(m·K))
is highest, while that of feldspar (2.0 W/(m·K)) is low [22]. Therefore, we set the TC
of sand as 5.0 W/(m·K). For the shale fraction, we chose the mean TC of clay minerals
(1.7 W/(m·K)) [22,23].

Temperature correction of the solid and the fluid should be performed separately. The
temperature in the study well was determined using the temperatures at several Modular
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Formation Dynamics Tester Tool (MDT) points. We could calculate the temperature gra-
dient in this well and use it to estimate the temperature for conducting the temperature
correction of the TC values. It was not so accurate but did not cause significant errors in
the temperature correction of the TC values. Due to the lack of enough information to
determine the composition of the fluid, the fluid was assumed to be water. Meanwhile, all
the dry samples tested in the laboratory were free of oil. Thus, there should be no errors
when comparing the results of the laboratory testing and the well logging. Equation (5)
was used in the temperature correction of the solid, and the TC of water is controlled by
Equation (6).

After knowing the porosity and temperature-corrected TC of the solid and the fluid
(Equations (5) and (6)), we used the mixing law (Equation (3) or Equation (4)) again to
obtain the thermal conductivity.

4. Results
4.1. Laboratory Test TC

The oil company did not obtain enough samples from one well, so the samples used in
this paper are the mixed ones obtained from a closed well in the same stratum. The depth
was the buried depth below the seabed. The number of sandstone samples was much more
than that of the shale because the oil company has more interest in the sandstone, which is
more likely to have oil reservoirs.

Figure 1 shows the TC measurement results for the sand and the shale with the Gauss
distribution. It shall be noted that the sand and the shale were identified by eye inspection.
There was no clear boundary between the sand and the shale. The median value was “the
middle value” in a data set and could also reflect the average value of the data set. It was
called “robust against outliers”, whereas the mean value was “sensitive to outliers”. In
this study, the mean and the median values were remarkably close to each other in the
sandstone and the shale. Therefore, the testing method was reliable, and the results could
faithfully represent the TC values of the bore samples. The TC value of the sandstone was
in the range from 1.22 to 3.6 W·m−1·K−1 with a mean value of 2.4 ± 0.61 W·m−1·K−1. The
TC value of the shale was in the range from 1.25 to 2.34 W·m−1·K−1 with a mean value of
1.96 ± 0.32. The TC value of the sandstone (~2.4) was larger than that of the shale (1.96).
The lithology played a key role in this TC value difference. However, the TC value of the
shale is more centralized than that of the sandstone. Both the TC values of the sandstone
and the shale increased with the increase in the depth, as shown in Figure 2. The correlation
coefficient of the shale was 0.63, which was larger than that of the sandstone (0.24). This
was due to the larger compaction coefficient of the shale.

4.2. Predicted TC

The left-most figure in Figure 3 shows the volume model of the rock. The volume of
the shale was changeable but had an increasing trend along with the depth. The upper part
(1200–1600 m) was somewhat uniform and the TC value increased monotonously along
with the depth. However, the lower part (1600–2650 m) was sand–shale interbeds and
the TC value changed along with the change in the lithology. The porosity ranged from
5% to 33% and was decreasing with the increase in the depth, which should be caused by
compaction. As is shown in the right-most figure in Figure 3, the geometric mean value
was smaller than the square root mean value. The difference was larger in the “sand”
segment and smaller in the “shale” segment. It seems that the small values had higher
weights in the geometric mean model. In all, lithology was still the key in controlling the
TC of rocks. The geometric mean looks inappropriate when inversely calculating the TC
value of the solid, which was more than 20 W/(m·K) and was much higher than that of
the pure quartz (7.5 W/(m·K)). The very low TC value of the air (2.6 × 10−2 W/(m·K))
should be the reason for this high TC value of the solid. The square root model seems to be
reasonable, so the following discussion is based on the square root model.
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5. Discussion
5.1. Comparison between Predicted TC and Test TC

Before comparing with the predicted TC values obtained from the well logging, the
laboratory testing TC values should be corrected to in situ TC values. The laboratory
testing TC was obtained by using dry samples which were considered to be the mixture of
the solid and the air. Therefore, we should use the mixing law to inversely calculate the
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TC value of the solid first. We were not allowed to take away the core samples to test their
porosity by the oil company, so effective porosity from well logs was used here. The next
stages were the same as procedures 3 and 4 in estimating the TC value from the well logs.

We used the r-square and the average misfit to describe the degree of the fitness as
given by:

Mis f itaverage = mean
(∣∣∣TCi

predicted − TCi
lab

∣∣∣) (11)

where i represents the sample number.
As shown in Figure 4, the average misfit of the sand was 0.19 ± 0.16 W/(m·K), with

about 8% relative error. The r-square was 0.61, indicating a good but not so excellent
model prediction. For the shale, the average misfit was smaller (0.17 ± 0.12 W/(m·K), ~7%
relative error), but the r-square (0.48) was not good. This could have resulted from the
limited number of samples. The span of the misfit is large in both sandstone (0.2–0.64) and
shale (0.0–0.38). Therefore, there could be some outliers in the misfits, which could come
from other effects (e.g., oil or gas filling, pressure). Meanwhile, TC is anisotropic, and the
observed TC was scanned along the vertical direction representing the horizontal TC. This
also led to errors. More studies on the same well at the same depth should be carried out
in the future. In general, there was a good agreement between the predicted TC values and
the laboratory testing TC values.
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The biggest challenge of the comparison between predicted TC and test TC is depth
matching. Compared to the well logs, the core samples have lower depth resolution, so
the same depth reads from well logs and the core might mean different true depths, which
could lead to significant error in sand–shale interbeds. Estimating porosity is another
difficulty, and well log data interpretation needs experience, more data (other well logs,
cuttings, and mud logging), and professional software to process and interpret well logging
data. Thus, a well interpreted porosity from an oil company should do a favor in fitting
the test TC. Further, we only consider the situation that the fluid is water. However, in
the oil field, it could be oil, gas, water, or a mix of them. The gas (0.026 W/(m·K)) and
oil (0.14 W/(m·K)) can largely decrease the TC of rock, and cause an abnormally high
gradient [22]. Meanwhile, gas filling increases the pressure of the fluid and decreases
the pressure of the rock matrix, so the pressure effect of TC could be taken into account.
Although the model is not perfect, the predicted TCs are in agreement with the test TCs in
larger numbers.
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5.2. Application to Geothermal Energy

Geothermal energy is the heat coming from the sub-surface of the earth [24]. It is
one of the cleanest forms of energy, and geothermal resources occur where the heat flow
is high, allowing energy to be exploited economically for electricity generation or direct
use [25,26]. High-temperature geothermal energy is used to generate electricity [27], while
low-temperature geothermal energy is like a thermal battery for heating and cooling
buildings and other uses [28]. Furthermore, geothermal energy is stable and can provide
24-h-a-day base load without mega-sized energy storage systems, so it has significant
potential in future national renewable energy markets [29,30]. The demand for renewable
energy is growing strongly in the coming decade [29]. The global geothermal capacity in
2020 was 14 GW, and it is still growing [31]. At present, atmospheric carbon dioxide and
climate change are a great challenge for human beings [32]. Geothermal energy and other
renewable energy are the keys to solve this problem [25,33].

TC plays a key role in geothermal energy study, and geothermal energy is a clean, sta-
ble, and renewable energy source [4,34]. Firstly, heat flow can be estimated by Q = G × TC
(Q is heat flow, G is gradient). Heat flow is the primary constraint on Earth’s heat en-
gine, whose nature and history govern the planet’s thermal, mechanical, and chemical
evolution [35]. Additionally, heat flow can be a good indicator to investigate the tectonic
background and lithosphere thermal structure. After we obtain enough heat flow data, we
can figure out a heat flow contour map, which can help us to find a good geothermal target
area [36]. Besides, TC can be used in calculating the temperature distribution (temperature
of the geothermal reservoir). Based on the temperature field and other reservoir parameters
(heat capacity, porosity, surface temperature, etc.), we can use the volumetric method which
is simple and convenient to estimate the geothermal energy resource [37,38].

This model is a good choice for oil fields (especially old oil fields) to estimate geother-
mal energy. The abandoned wells in oil fields have good and well interoperated well log
data. After oil and gas exploitation, the fluid is mainly water, which means less abnormal
TC. Using those data, the TC can be determined by our model. Given the predicted TC and
temperature logs in enough wells, we can obtain the heat flow contour map, which can
imply the thermal anomaly area. If we find the geothermal energy reservoir, TC is used
to estimate the temperature field and the geothermal energy resource. With knowing the
geothermal energy resource, the oil field can draft an exploitation strategy. Additionally,
the exploitation of geothermal energy is remarkably similar with that of oil and natural
gas [39]. Without drilling special wells, geothermal resources can bring huge economic and
environmental benefits [40,41].

6. Conclusions

In this research, the following conclusions were obtained.
We have proposed a method to predict TC based on the square root model and well

logs (GR, neutron porosity, temperature), and the predicted TC values showed good fitting
with the laboratory TC values.

The proposed model works better in predicting the TC of sandstone.
This model could be used to calculate the TC in boreholes without core samples in the

oil field. With the TC, we can determine the heat flow and estimate the geothermal energy.
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