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A B S T R A C T   

This study proposed and evaluated a method of measuring the thermal conductivity (TC) of drill cuttings from 
several igneous and pyroclastic rocks using the transient plane source principle, which allows quick and reliable 
measurements. The estimated bulk TCs of rocks were within an error of <10%, and suitable models were found. 
Measurements were applied to drill cuttings obtained along a well in the Hachimantai geothermal field, Japan, 
and TCs were obtained at ~25 m intervals to a depth of 1700 m. Our analysis of the temperature profile using 
estimated TCs suggest the possible presence of fluid-flow zones in the well.   

1. Introduction 

Thermal conductivity (TC) is a vital physical property of rocks, 
particularly in geothermal studies. TC describes the amount of heat 
transfer via conduction in a medium per unit thermal gradient (Beard
smore and Cull, 2001) and has been used to quantify heat flow (Flovenz 
and Saemundsson, 1993; Pribnow and Sass, 1995; Zhang et al., 2018), 
delineate thermal properties in hydrothermal simulations (Hartmann 
et al., 2008), and characterize reservoirs and surrounding media (Li 
et al., 2020; Lippert et al., 2022). Furthermore, dense measurements of 
TCs along a well, combined with a temperature log, enable the identi
fication of fluid-flow zones (Haffen et al., 2013). Thus, accurate and 
dense measurements of TCs are key to better understand heat transfer 
and underground fluid flow. 

The TCs of rocks are generally obtained from measurements of rock 
cores (Pribnow and Sass, 1995; Popov et al., 1999). However, acquiring 
cores from deep locations and fractured reservoirs is expensive and 
difficult; thus, cores along most geothermal wells with high spatial 
densities have rarely been measured. Thermal response test (TRT) has 
been used to estimate effective TC in the ground, especially for the 
design of ground-coupled heat pump systems (Sanner et al., 2013; 
Zhang et al., 2014; Spitler and Gehlin, 2015). However, the applications 
of TRT are limited to shallow formations (300–500 m depth), and the 

estimated TCs by TRT are influenced by groundwater flow and the 
heterogeneity of surrounding formations (Zhang et al., 2014). In addi
tion, active distributed temperature sensing using optical fibers has been 
applied to obtain the TC depth profile along a borehole (Maldaner et al., 
2019). However, its applicable depth range is also shallow (less than 
100 m) because of its complicated operation. Alternatively, drill cuttings 
are often obtained during geothermal energy investigations and explo
ration. The development of a method for measuring rock TC from drill 
cuttings or rock fragments has therefore been an important research 
topic (Sass et al., 1971; Morgan, 1975; Lee et al., 1986; Kiyohashi et al., 
1991; Alonso-Sánchez et al., 2012; Rey-Ronco et al., 2013; Popov et al., 
2018; Kämmlein and Stollhofen, 2019; Yi et al., 2021). Generally, TCs of 
cuttings are measured as the cuttings are immersed in water, and the TC 
of the solid (mineral part) and/or bulk (intact core equivalent) quantity 
is calculated using a physical formula (e.g., the mixing law). 

Historically, steady-state methods have been proposed to measure 
TC of drill cuttings (e.g., divided-bar) (Sass et al., 1971; Morgan, 1975; 
Lee et al., 1986). Subsequently, transient measurement methods have 
recently been developed, mainly owing to the short measurement time, 
using the point source (Alonso-Sánchez et al., 2012; Rey-Ronco et al., 
2013), optical scanning (Popov et al., 2018), line source (Kiyohashi 
et al., 1991; Kämmlein and Stollhofen, 2019), and plane source methods 
(Yi et al., 2021). Although these previous studies have shown the 
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effectiveness of these methods, some have been applied to only shallow 
depths (< 100 m) (Alonso-Sánchez et al., 2012) or sedimentary rocks 
(Kämmlein and Stollhofen, 2019). As volcanic regions are among the 
major play types for commercial geothermal energy operations (Moeck, 
2014), and deep wells (> 1000 m) are generally drilled, the feasibility 
and impact of measuring TCs of drill cuttings along wells in geothermal 
operations remains unclear. Kiyohashi et al. (1991) showed the effec
tiveness of their method in measuring TC of drill cuttings at depths of 
1500–1800 m in the Satsunan geothermal area, Japan, comprising tuff 
and dacite. However, a more recent method may improve the 
complexity and accuracy of these measurements, and its effectiveness in 
other species of igneous and pyroclastic rocks, which often occur in 
geothermal fields, must be investigated further. 

Here, a new method for the measurement of solid and bulk TC from 
drill cuttings was proposed and examined by developing an original 
measurement probe based on the transient plane-source method. The 
transient plane source method has the advantage of a rapid and reliable 
measurement of TC and thermal diffusivity over a wide range of mate
rials in a non-destructive way, owing to its design and the sensor’s 
electrical resistance (He et al., 2005). Further, this method has been 
registered as a standard method to measure thermal properties by in
ternational organizations for standardization (ISO 22007–2, 2008). 
Moreover, compared to other transient methods, the proposed method 
requires a small cutting size (~50 g in this study) and a short mea
surement time (~10 min/measurement in this study) (Mathis, 2000). 
Taking advantage of the proposed method for fast and reliable TC 
determination, our modified method was applied to drill cuttings ob
tained along a borehole (to approximately 1700 m depth) in the 
Hachimantai geothermal field, within the Sengan area, which is one of 

the prominent geothermal fields in northeastern Japan (Akatsuka et al., 
2022). The Matsuo-Hachimantai geothermal power plant started com
mercial production of 7.49 MW in this area in January 2019. Several 
Quaternary volcanoes are distributed, comprising the Hachimantai 
volcanic group, surround the geothermal area. Hot springs and hydro
thermal alteration zones are distributed as surface manifestations of 
these geothermal activities (Akatsuka et al., 2022). 

Drill cuttings were obtained, but rock cores were not retrieved from 
the target well. Therefore, to validate the proposed measurement 
method, cuttings were prepared by manually crushing rock cores from 
several volcanic areas in Japan, and the TCs from these cuttings and rock 
cores were compared. The effects of the particle size distribution of the 
drill cuttings and mixing models on the estimation performance were 
further assessed. The measured TC of drill cuttings does not directly 
express the bulk TC because the inter-particle spaces of drill cuttings are 
filled with water. Thus, it is important to determine a suitable mixing 
model that obtains solid and bulk TC from the measured TC of a drill 
cuttings and water mixture. Although the geometric model has been 
applied as a standard mixing model for the conversion of the measured 
TC from cuttings to solid and bulk TC (Sass et al., 1971; Lee et al., 1986; 
Kiyohashi et al., 1991; Lin et al., 2011; Alonso-Sánchez et al., 2012; 
Rey-Ronco et al., 2013; Popov et al., 2018; Kämmlein and Stollhofen, 
2019; Lin et al., 2020; Yi et al., 2021), a suitable mixing model has not 
yet been fully developed. As discussed in recent studies on bulk TC 
estimation using rock core samples (Fuchs et al., 2013; Ray et al., 2015; 
Chopra et al., 2018; Fuchs et al., 2018), the selection of a mixing model 
is important to accurately determine bulk TC from cuttings. Moreover, 
the temperature log of the well was examined using the estimated bulk 
TCs. This analysis identified the heat flow and depth intervals at which 

Fig. 1. The measurement instruments 
of the transient plane source method. 
(a) Schematic figure of the nickel helix 
sensor (Lin et al., 2014). (b) Measure
ment environment used in this study; 
thermal constants analyzer (Hot Disk 
TPS 1500) connected with computer to 
record measurement data. (c) The ther
mostatic chamber in which samples 
were measured to prevent significant 
changes in temperature and wind, and 
the thermometer used to check the 
room temperature before measurement.   
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temperature was affected by influences other than heat conduction (e.g., 
heat convection by fluid migration). 

This study is the first to estimate the TCs of drill cuttings along a 
geothermal well and quantitatively evaluate the effect of the heat 
transfer pattern included in the temperature log. Additionally, this study 
examines the influences of selecting the mixing model and cutting par
ticle size on the accuracy of measuring cutting TCs in volcanic areas. 
This study further showed that the quartz index (QI), which is relatively 
easy to obtain by X-ray powder diffraction (XRD) analyses, correlates 
with solid TC, and can therefore be used to understand the relationship 
between mineral components and solid TCs. 

2. Methodology 

2.1. Transient plane source method 

The transient plane source method measures TC and thermal 

diffusivity and was developed by Gustafsson (1991). A theoretical 
description of this method can also be found in He (2005). It is also 
referred to as the hot disk method and requires the use of a nickel helix 
sensor (Fig. 1a) and thermal constants analyzer (Fig. 1b). 

The sensor functions as the heater and thermometer. It measures the 
changes in electrical resistance and records the temperature of the 
samples over time. Next, the TC of the sample is calculated from the 
temperature-time curve recorded by the thermal constants analyzer. In 
this study, the rock cutting samples and sensor were set in the thermo
static chamber and the TC was measured using a Hot Disk TPS 1500 
Thermal Constants Analyzer (Fig. 1b and c). 

The transient plane source method has two measurement modes: 
single- and double-sided (Fig. 2). In the double-sided mode, the sensor is 
between two samples, which can be either a solid or powder material, 
whereas the single-sided mode uses a sample on one side and a reference 
plate on the other. The reference place is thermally insulated to avoid 
the influence of thermal conduction from the reference plate; however, a 
sample with a certain thermal property can be acceptable as the refer
ence plate. In this study, the TCs of core samples and drill cuttings were 
measured using the double-sided and single-sided modes, respectively. 
For TC measurements in the single-sided mode, an acryl plate was used 
as the reference (Fig. 3). 

Fig. 3 shows the original measurement probe used to measure drill 
cuttings in the transient plane source method. The original probe has 
high durability for any measurement and is watertight for packing drill 
cuttings and water. As the TCs measured by single- and double-sided 
modes are not identical, the TCs measured in single-sided mode were 
corrected as described in Section 2.2.1 in more detail. 

Yi et al. (2021) also used the transient plane source method for the 
TC measurement of drill cuttings, in which drill cuttings were ground to 
make fine powder under 75 µm, placed into an aluminum pan, and 
measured in double-sided mode. However, the present study proposed 
measuring drill cuttings in the single-sided mode without manual 
grinding for simplicity (Fig. 3). 

Fig. 2. Measurement modes of hot disk method: (a) Double-sided mode and (b) 
Single-sided mode. (Based on Lin et al., 2014). 

Fig. 3. A schematic figure of the probe for cutting measurements. (a) The cell is 
a hollow acryl cylinder with an inner diameter of 47.38 mm and outer diameter 
of 50.23 mm, filled with rock cuttings and water. The cell is pinned using two 
O-rings and four screws to prevent water from spilling out of the cell. The figure 
of the sensor is based on Lin et al. (2014). (b) A photograph of the probe. 

Fig. 4. Workflow to obtain the estimated bulk thermal conductivity (TC) of the 
intact rock from measured TC of cuttings. 
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2.2. Calculation of bulk thermal conductivity from drill cuttings 

2.2.1. Measurements and calculation 
The measurement and calculation flow of bulk TC from the cuttings 

is shown in Fig. 4. 
(Step 1) The TC of the mixture of drill cuttings and pure water was 

measured in the single-sided mode (Fig. 3). For this measurement, the 
drill cuttings were randomly packed in the probe and immersed in 
water. To avoid changes in environmental temperature and wind, 
measurements were conducted in a thermostatic chamber at 20–25 ◦C 
(Fig. 1b). 

(Step 2) The measured TC value of the single-sided mode was con
verted into the TC value of the double-sided mode. This conversion 
required a reliable TC because the acryl used in the reference plate for 
the single-sided measurement is not a completely thermally insulated 
material. Thus, a calibration curve was created, which linked the ther
mal conductivities in the single- and double-sided modes using the 
measurements from 23 samples in both modes (Fig. 5), with steady and 
independent TCs, controlled temperature and humidity, and covering a 
wide range of rocks. 

(Step 3) The solid TCs of the drill cuttings without the effect of water 
were estimated using the proportion of water in the probe and mixing 
models for TC. The proportion of water in the probe was obtained using 
the buoyancy method according to the following equation: 

ϕp =

mw
ρw

mw
ρw

+ mc
ρc

(1)  

where ϕp is the proportion of water in the probe, mw is the mass of water 
in the probe, mc is the mass of cuttings in the probe, ρw is the density of 
water, and ρc is the particle density of cuttings. The TC of water 
(0.60–0.61 Wm− 1K− 1 at 20–25 ◦C) is calculated according to Sharqawy 
(2013) at room temperature in the chamber. The mixing models eval
uated in this study are described in Section 2.2.2. 

(Step 4) The bulk TC of the intact rock, which corresponds to the 
core-equivalent quantity, was calculated using a mixing model consid
ering the solid TC and porosity of the core. The same mixing model as 
that used in Step 3 was applied. As discussed in the introduction, core 
samples were not available in the target well of the Hachimantai 
geothermal field. Thus, porosity measurements of the drill cuttings ob
tained from the target well were used instead of those from the core. To 
measure the mass of the wet drill cuttings for porosity calculations, we 
used the pycnometer method, in which drill cuttings were immersed in a 
vacuum for 30 min before the porosity of the cuttings was measured 
according to Kiyohashi et al. (1989). 

2.2.2. Mixing models for thermal conductivity 
The mixing models for TC consider bulk TC the result of the com

posite material of minerals (i.e., solids) and pore fluids (i.e., liquids) 
based on the proportion of each phase for a water-saturated rock. To 
determine a suitable mixing model to link core- and cutting-derived TCs, 
five candidate mixing models were used and examined for accuracy. 

Arithmetic model (Voigt, 1928; Reuss, 1929): 

λb = (1 − ϕ)λs + ϕλw (2) 

Harmonic model (Voigt, 1928; Reuss, 1929): 

λb =
1

(1− ϕ)
λs

+ ϕ
λw

(3) 

Geometric model (Lichtenecker, 1924): 

λb = λ1− ϕ
s λϕ

w (4) 

Square root model (Adler et al., 1973; Robertson and Peck, 1974): 
̅̅̅̅̅
λb

√
= (1 − ϕ)

̅̅̅̅
λs

√
+ ϕ

̅̅̅̅̅
λw

√
(5) 

Effective medium model (Bruggeman, 1935; Hanai, 1968; Sen et al., 
1981; Clauser, 2009): 

Fig. 5. Empirical calibration curve of the relationship between the thermal conductivity (TC) values measured in single- and double-sided modes, respectively. EPS: 
expanded polystyrene, PVC: polyvinyl chloride, ABS: acrylonitrile butadiene styrene, PC: polycarbonate, PP: polypropylene, PTFE: polytetrafluoroethylene, POM: 
polyacetal, MC Nylon: monomer casting nylon. 

λb =
1
4

{

3ϕ(λw − λs)+ 2λs − λw +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

9ϕ2λ2
s + 18ϕλsλw − 18ϕ2λsλw − 12ϕλ2

s + λ2
w − 6ϕλ2

w + 4λsλw + 9ϕ2λ2
w + 4λ2

s

√ }

(6)   
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where λb is the bulk TC (Wm− 1K− 1), λs is the TC of the solid medium 
(Wm− 1K− 1), λw is the TC of water (Wm− 1K− 1), and ϕ is the volumetric 
fraction of water. 

The arithmetic model (Eq. (2)) refers to the apparent bulk TC when 
the composition phases in the rock are arranged parallel to the direction 
of heat flow. This model may be suitable for situations such as igneous 
intrusion, tight folding, and salt-pluming (Beardsmore and Cull, 2001). 
The harmonic model (Eq. (3)) indicates the apparent bulk TC when the 
phases in the rock are layered perpendicular to the direction of heat 
flow. This model is suitable in conditions such as the alternation of 
sandstone and shale (Beardsmore and Cull, 2001). The geometric model 
(Eq. (4)) describes a mixture of different minerals in which phases are 
randomly oriented (Beardsmore and Cull, 2001). This model is the most 
popular for calculating the estimated bulk TC from rock cuttings (e.g., 
Sass et al., 1971; Yi et al., 2021); however, it does not have an estab
lished physical basis (Roy et al., 1989). The square root model (Eq. (5)) 
is applicable when several compositions are randomly oriented, as with 
the geometric model. It is based on the electrical conductivity and 
percolation theory, which describes the connectivity of pores (Adler 
et al., 1973; Robertson and Peck, 1974). Beardsmore and Cull (2001) 
recommend the square root model as a standard, unless there are sen
sible reasons for using other models. The effective medium model (Eq. 
(6)) represents a situation in which spherical components, such as par
ticles and pores, are randomly distributed (Sen et al., 1981; Clauser, 
2009). In validation, suitable mixing models were evaluated using the 
relative difference (RD in%) equation shown below: 

RD =
λb,e − λb,m

λb,m
× 100 (7)  

where λb,m is the measured TC of core (Wm− 1K− 1) and λb,e is the esti
mated bulk TC (Wm− 1K− 1). 

2.3. Comparison of mineral compositions 

The estimated solid TCs from the well in the Hachimantai 
geothermal field were compared with mineral compositions using XRD 
data to determine high impact mineral against the solid TC. The New 
Energy and Industrial Technology Development Organization (NEDO 
2007, 2009) and Ojima et al. (2020) conducted XRD analyses of drill 
cuttings along a well. The QI of each mineral at each borehole depth 
were defined as follows (Hayashi, 1979; Takahashi et al., 2007; Ishit
suka et al., 2022): 

QI =
Im

Icq
× 100 (8)  

where Im is the peak intensity of a mineral, and Icq is the peak intensity of 
pure crystallized quartz. 

As the peak intensity of the XRD value is influenced by the amount of 
minerals, the QI often reflects the relative amount of minerals. None
theless, the peak intensity is affected by the crystallinity and preferential 
growth of the crystal structure; thus, the QI of clay minerals tends to be 
lower than that of other minerals. This analysis used the QIs of 17 
minerals at each depth: four clay (smectite, chlorite, sericite, and 
kaolinite), two zeolite (laumontite and wairakite), three silica (cristo
balite, tridymite, and quartz), two silicate (plagioclase and epidote), two 
oxide (magnetite and rutile), one carbonate (calcite), one sulfide (py
rite), and two sulfate minerals (anhydrite and gypsum). 

To understand the relative importance of each mineral on solid TC, 
linear regression analysis between QIs and solid TCs was conducted. 
Drill cuttings at 57 out of 65 depths taken from the Hachimantai 
geothermal field were used, as QI data was lacking at the remaining 8 
depths. The following linear relationship between the estimated solid 
TCs and the QIs of the 17 minerals was considered, and the coefficients 
βn and C were estimated by linear regression analysis: 

λs =
∑17

n=1
βnxn + C (9)  

where λs is solid TC, βn is the coefficient of each mineral, and xn is the QI 
of the corresponding mineral. C is the constant. When the estimated 
coefficient of a mineral βn has a larger value than that of other minerals, 
the mineral has a larger contribution to solid TCs. In the linear regres
sion, we normalized the QI values to the maximum and minimum values 
of 1 and 0, respectively. 

The linear regression was conducted by minimizing the objective 
function. To account for the effects of the objective function, the 
following two objective functions (S) were used: least square and lasso 
models. 

Least square model: 

S =
∑57

k=1

(
λs e, k − λ̂s,k

)2 (10) 

Lasso model: 

S =
∑57

k=1

(
λs e,k − λ̂s,k

)2
+ αl

∑17

n=1
|βn| (11)  

where λs e, k is the solid TC estimated by a mixing model at a depth of k, 
and λ̂s is the solid TC calculated by the linear regression. Constant αl was 
set to 0.05. Generally, the estimated coefficient depends on the mini
mized objective function. The objective function of the least squares 
model is the sum of the squared residual 

∑57
k=1(λs e,k − λ̂s,k)

2, and eval
uates the effects of all explanatory variables. The objective function of 
the lasso model contains the absolute value of the estimated coefficient 
∑17

n=1|βn| in addition to the squared residual. As the lasso model mini
mizes the magnitude of the coefficients, it tends to yield sparse estimates 
(i.e., most of the estimates are zero) compared to the least squares 
model. 

2.4. Contributions of thermal conduction to the temperature log 

After obtaining the bulk TCs from the drill cuttings along the well in 
the Hachimantai geothermal field, the heat flow and influence of ther
mal conduction on the temperature log were quantified according to the 
following three steps. 

i) Assuming that heat is conducted in one direction along the well, 
the heat flux (Wm− 2) was calculated with a thermal gradient (Km− 1) and 
a harmonic average TC for a depth interval using Fourier’s law (Eq. (12)) 
(Beardsmore and Cull, 2001): 

q = − λ gradT (12)  

where q is the heat flux (Wm− 2), λ is TC (Wm− 1K− 1), and gradT is the 
temperature gradient (Km− 1). 

ii) With reference to the temperature at the bottom of the depth in
terval, the temperature at the above depth interval was estimated based 
on the measured temperature and the bulk TCs of the depth interval (Eq. 
(13)). The calculation of the temperature was repeated at the shallowest 
depth. 

Ti− 1 = Ti −
q
λi
(di − di− 1) (13)  

where Ti is the temperature ( ◦C) at a depth of i, q is the heat flux 
(Wm− 2), λi is the estimated bulk TC (Wm− 1K− 1) at a depth of i, and di is 
the depth (m) of i. 

iii) The estimated and measured temperatures were compared to 
identify the temperature profile (thermal conduction or TC) at each 
depth interval. For a quantitative comparison, the absolute differences 
between the gradients of the measured and estimated temperature 
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profiles at each depth were calculated. The absolute difference was 
calculated as follows: 

Difference = |gradTmea − gratTest| (14)  

where gradTmea and gratTest are the gradients of the measured and 
estimated temperatures at each depth, respectively. gradmeaT is calcu
lated by ± 12.5 m depths from a depth and the corresponding temper
atures, and gratTest = q/λ at the depth. 

3. Rock samples and data 

3.1. Rock samples for the validation of estimated bulk thermal 
conductivity 

Nine core samples were used for validation, including three andesite 
cores (HT-2, FDB-1-TP37, and FDB-1-D2), two tuffaceous conglomerate 
cores (FDB-1R-TP15 and FDB-1R-D5), two granite cores (NFD and 

Table 1 
Rock sample list for the validation of the estimated thermal conductivity (TC) from cuttings.  

Area (Japan) Lithology Sample ID Depth [m] Porosity of core [-] Mean of measured bulk TC [Wm− 1K− 1] 

Hachimantai Andesite HT-2 975.80–975.95 0.038 2.39 
Kumamoto Andesite FDB-1-TP37 458.74–459.00 0.157 1.47 
Kumamoto Andesite FDB-1-D2 472.00–472.42 0.126 1.39 
Kumamoto Tuffaceous 

conglomerate 
FDB-1R-TP15 639.77–640.00 0.301 1.16 

Kumamoto Tuffaceous 
conglomerate 

FDB-1R-D5 561.80–562.00 0.078 1.64 

Awaji Island Granite NFD 932.36–932.60 0.025 2.88 
Matsuyama Granite MAT 571.37–571.67 0.017 3.02 
Hachimantai Dacitic tuff HT-9 779.05–779.20 0.203 2.20 
Hachimantai Dacitic tuff HT-3 272.60–272.90 0.167 2.20  

Fig. 6. Core samples and artificial cuttings. (a) Core samples for the validation of estimated bulk thermal conductivity. (b) Core samples of FDB-1-D2 for artificial 
cuttings and (c)-(e) artificial cuttings of FDB-1-D2. Particle sizes of (c) d < 4 mm, (d) 850 μm ≤ d < 4mm, (e) d < 425 µm. 
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MAT), and two dacitic tuff cores (HT-9 and HT-3) (see Tables 1, S1 and 
Fig. 6). 

The core samples with HT in their IDs were taken from other bore
holes around the Hachimantai geothermal area. Those with IDs begin
ning with FDB were taken from the Aso volcanic area in the Kumamoto 
region of southwest Japan (Shibutani et al., 2022), and the cores with 
NFD and MAT IDs were taken from Awaji Island and the Matsuyama 
area, western Japan. The depths of these core samples and their 
measured porosities are listed in Table 1. 

These core samples were cut into four subsamples; two subsamples 
were used to measure the TC of the core, whereas the other two were 
used to make the cuttings. The two subsamples for the cuttings were 
crushed manually and divided into three particle size distributions 
(particle size d < 4 mm, 850 μm ≤ d < 4 mm, and d < 425 μm) to verify 
the effects of particle size on the accuracy of TC estimations. Fig. 6b 
shows an example of the FDB-1-D2 core samples used for making arti
ficial cuttings, and its manually crushed cuttings of different particle size 
distributions are shown in Fig. 6c–e. 

When the TCs were measured, the core samples had been immersed 

in pure water for 48 h in a vacuum for saturation, and the core samples 
for dry conditions had been put in an oven at 105 ◦C for 48 h. Cuttings 
were dried in an oven at 80 ◦C for 24 h. Dry samples were placed into the 
probe with pure water, and a weight of 438 g was placed on the cuttings 
in the probe to ensure their packing. TC was then measured in the single- 
sided mode six times (Fig. 3). After the measurement was completed, the 
artificial cuttings were dried, and the measurements were repeated three 
times for each particle size distribution and each sample. 

3.2. Drill cuttings and temperature log at the Hachimantai geothermal 
field 

The Hachimantai geothermal field is located in northeastern Japan 
and is part of the Hachimantai volcanic group (Akatsuka et al., 2022). 
Acid alteration comprising silicified alteration, alunite, pyrophyllite, 
and kaolin minerals are found on the surface of the field (NEDO, 2007). 

The drilling depth of the target well was 1703 m (Fig. 7). Similar to 
the surrounding geology, Quaternary tuff and lava are overlaid on 
Tertiary dacitic and andesitic tuffs (Fig. 7a) (Kimbara, 1985). 

Fig. 7. (a) Lithology and potential flow point (lost circulation (LC), influx, and effluence point), (b) casing program, and (c) temperature profile measured on April 8, 
2008 (139 d after circulation stopped) of the target well (modified from NEDO, 2009). 
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Quaternary tonalite intrudes beneath the Tertiary formation, and XRD 
analyses identified the extensive development of metamorphic minerals 
(e.g., biotite, cordierite, magnetite, and orthopyroxene) at the margin of 
the Tertiary groups and Quaternary intrusive bodies at depths of >
~1500 m (NEDO, 2007, 2009). The XRD analyses further identified a 
clay alteration zone comprising smectite below ~500 m, which may 
have functioned as a caprock layer (NEDO, 2007, 2009). The minerals 
formed by hydrothermal alteration along the target well was classified 
by Ishitsuka et al. (2022). Fig 7a shows potential flow zones including 
lost circulation points and influx/effluence points (NEDO, 2009). 

Fig. 7c shows the temperature log in the well (NEDO, 2009), which 
was measured approximately 6 months after the completion of drilling, 
i.e., after the temperature recovered from disturbances induced by 
drilling and mud circulation. Temperature gradually increases with 
depth and was about 300 ◦C at a depth of 1700 m, leading to an average 
temperature gradient of about 0.16 ◦C/m. Sudden changes in tempera
ture are also found at several depth intervals: the temperature fluctuated 
around 285 m, corresponding with groundwater levels, and a sharp 
change in the temperature profile around 1179 m may have been due to 
the joint of casing and liner pipes (Fig. 7b and c) (NEDO, 2009). 
Pressure-Temperature-Spinner logging measured the downward heat 
convection in the well at approximately 1179 m depth (NEDO, 2009). 
NEDO (2009) reported that water moved up in an annulus between a 
6.25 inch well and a 100A (outer diameter = 4.5 inch) liner pipe, 
entered the gap of the liner hanger, and moved down in the well. 
Considering these artificial effects on temperature logs, the log was 
divided into two depth intervals (305–1165 m and 1195–1675 m) and 
the contribution of thermal conduction to the temperature log was 
quantified at each depth interval, as described in Section 2.3. 

Drill cuttings were obtained every 5 m along the well depth (NEDO, 
2009). A total of 65 drill cuttings from 35 to 1700 m depth were 
measured at an interval of approximately 25 m. Fig. 8a shows examples 
of drill cuttings. Drill cuttings at depths of 195 and 405 m comprise 
andesitic and andesitic lapillus tuffs, respectively. Drill cuttings with 
dark colors contain a few sulfurs (Fig. 8a). The lithology of drill cuttings 
at 1015, 1195, and 1400 m depth with light colors comprise a dacitic tuff 
(Fig. 8a). Drill cuttings with dark colors at deep depths (e.g., > 1625 m) 
underwent thermal metamorphism (Fig. 8a). Particle size distributions 
showed that drill cuttings at depths of 195, 405, and 605 m have particle 
sizes of 2–4 mm (Fig. 8b). In the drill cuttings at a depth of 805–1400 m, 
particle size distribution showed a larger percentage of smaller particle 
sizes of 250–850 µm, but rarely particle sizes > 2 mm (Fig. 8b). Cuttings 
with particle sizes < 250 µm were found at a depth of 1625 m. Generally, 
the particle sizes become smaller when the depth of drill cutting is 
deeper (Fig. 8b). 

4. Results 

4.1. Validation of the estimated bulk thermal conductivities 

Fig. 9 summarizes the results of RD values (Eq. (7)) between the 
measured bulk TC of the rock cores and the estimated bulk TCs of the 
artificial rock cuttings. Table 2 shows the average of the absolute RD 
values of the nine rock samples for each mixing model and particle size 
distribution. Detailed results of the estimated bulk TCs and RD values 
and the measurement data are shown in Tables S1–S4. For most of the 
samples, the evaluation of the mixing models showed that the RD values 
of the square root model were the smallest or the second smallest among 

Fig. 8. Examples of drill cuttings obtained in the well (depth spacing about 200 m). (a) Microphotographs of the drill cuttings, and (b) particle size distribution of the 
drill cuttings shown in (a). PWP: Passing weight percent. 
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the five mixing models examined in this study (Fig. 9). Most of RDs using 
the square root model were within ±5%, with a minimum of 1.4% for 
FDB-1-D2 (Fig. 9). The effective medium model also produced small RD 
values (− 5% < RD < 5%), for example, in FDB-1-TP37, NFD, FDB-1-D2, 
HT-9, and RD values < 10% were observed in most of other rock samples 
(Fig. 9). Considering that most previous TC studies regarded absolute 
RDs < 10%–15% as a threshold for small errors (Sass et al., 1971; 
Kiyohashi et al., 1991; Fuchs et al., 2015), the estimated bulk TCs were 
sufficiently accurate. In addition, although RD values obtained from the 
arithmetic and geometric model tended to be negative and positive 
values, respectively, those from the square root and effective medium 
models had both positive and negative values, indicating that the 
calculated TCs from the latter models were less biased (Fig. 9). 

The exceptions were MAT (granite), where the square root and 
effective mean models yielded large absolute RDs (~ 15%), suggesting 

the geometric model was the most suitable (Fig. 9). Although the geo
metric model was the most suitable for a few samples, our results 
showed that this mixing model often yielded large RD values (> 10%), 
for example, in FDB-1R-D5 and HT-3 (Fig. 9). On the other hand, the 
harmonic model yielded the worst RD values of > 100% or < − 100% in 
most rock samples. Considering the average RD value of each model for 
all particle size distributions (right column in Table 2), the mean RD 
value of the effective medium model was the smallest, followed by the 
square root model. However, the difference between the mean values of 
the two models was minor. Thus, the square root and effective medium 
models are equally suitable for TC measurements of drill cuttings 
(Fig. 9). 

To check whether the packing of drill cuttings was sufficient, 
different weight settings were imposed on the measurement probe filled 
with cuttings of FDB-1-D2: (i) weight of 438 g (the reference used in this 

Fig. 9. The relative difference (RD) values (Eq. (7)) of each model, sample, and particle size distribution (d). Bars with RD values exceeding ±10% are drawn semi- 
transparently. In the legends, rock IDs shown in Table 1 are used. Detailed RD values are shown in Table S1. 
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study), and (ii) weight of 875 g. The measured TCs of the single-sided 
mode (Step 1 in Fig. 4), before the conversion to solid and bulk TCs, 
were 0.891 Wm− 1K− 1 in setting (i) and 0.878 Wm− 1K− 1 in (ii). The 
measured TCs with weights of 438 and 875 g were almost identical 
(difference of ~1.4%). Thus, the influence of the weight put on the 
measurement probe is not significantly enhanced as the weight 
increases. 

The comparison of the RD values from the different particle size 
distributions showed that the influence of particle size depended on li
thologies. For the andesite samples (FDB-1-TP37, FDB-1-D2, and HT-2), 
the particle size did not significantly influence the estimated TCs 
(Fig. 9). However, particle size was relatively significant in granite 
(NFD, MAT) and tuffaceous conglomerate samples (FDB-1R-TP15, FDB- 
1R-D5), but the differences in RD values for each particle size distribu
tion was only approximately 10% (Fig. 9). 

Table 2 shows that the smallest mean was < 4 mm of the three dis
tributions, and they did not significantly differ. The test of significance 
(Bulmer, 1979) was conducted to determine if the mean of the RD values 
obtained from different particle size distributions (d < 4 mm, 850 µm ≤
d < 425 µm and d < 425 µm) were statistically different. Assuming that 
the RD values follow normal distribution and equal variances, analysis 
of variance (often referred to as ANOVA) was applied to the RD values to 
explore the null hypothesis that the averages of the RD values were 
statistically the same. The p-value of the test was 0.992 and much 
greater than the statistical significance level of 0.05 (5%); thus, the null 
hypothesis that the RD values obtained from the different particle size 
distributions are statistically same was not rejected. Consequently, the 
influence of the particle size distribution is less significant, and drill 
cuttings with an arbitrary particle size distribution of < 4 mm could be 
used. Considering these results, both the square root and effective me
dium models and drill cuttings with particle sizes < 4 mm were used to 
measure the TC of drill cuttings obtained in the Hachimantai geothermal 
area. 

4.2. Estimated bulk thermal conductivity from drill cuttings 

The TCs of the drill cuttings with particle sizes < 4 mm obtained in 
the Hachimantai geothermal field were measured, and the solid and 
bulk TCs at each depth based on the square root and effective medium 
mixing models were estimated (Fig. 10). The solid TCs were between 
1.53 and 4.16 Wm− 1K− 1 (square root model) and 1.57 and 4.63 
Wm− 1K− 1 (effective medium model) (Fig. 10). The effective medium 
model yielded slightly larger solid TCs than the square root model. Drill 
cuttings of each depth were measured in triplicate, as the same drill 
cuttings were repacked in each measurement after drill cuttings were 
dried. The standard deviation of the three measurements was 
0.002–0.110 Wm− 1K− 1. The variation (uncertainties) of the measured 
TCs may be caused by how cuttings were packed into the probe, which 
may influence the variation of the estimated solid and bulk TCs as well. 
The porosity of the drill cuttings used for the estimation of bulk TC is 
also shown in Fig. 10. Regarding the cuttings at 1600 m depth, the 
porosity was not measured because the amount of obtained 0.85–4 mm 
cuttings were not sufficient. Thus, the porosity of the cuttings at 1600 m 

was estimated from the average porosity from 1575 m and 1625 m. 
Almost all drill cuttings had porosities of 0.04 to 0.29, except for drill 
cuttings at 925 m. Drill cuttings at 925 m showed a porosity of 
approximately 0.47, which was high considering the burial depth and its 
lithology (andesite). However, this high porosity may be reasonable 
because the depth interval of 913–930 m was reported as a lost circu
lation zone (Fig. 7) (NEDO, 2009). Owing to its high porosity, the bulk 
TC at 925 m was smaller than that at nearby depths. The measurement 
data from the 65 drill cuttings are shown in Table S5. 

4.3. Mineral compositions and solid thermal conductivities of the well 

Fig. 11 shows the estimated coefficients of the linear regression 
analysis. The estimated coefficients of both mixing models showed 
similar trends. Both models showed that the coefficient of quartz had the 
largest positive value among all the minerals. In addition, the least 
square regression revealed that the magnitudes of the estimated co
efficients for smectite and rutile were larger than those of the other 
minerals, and the coefficients of other minerals were within ± 0.5. 

4.4. Quantifying the contribution of thermal conduction 

Temperatures along the target well were calculated based on the 
bulk TCs estimated by either the square root or effective medium model, 
and the differences between the estimated and measured temperatures 
were obtained (Fig. 12). The temperatures estimated by the square root 
and effective models were almost identical (Fig. 12a). The difference 
between the estimated temperatures derived from both models was 
0.0–0.91 ◦C (Fig. 12a). The resulting heat fluxes of the interval from 305 
to 1165 m using the square root and effective medium models were 353 
Wm− 2 and 371 mWm− 2, and 348 mWm− 2 and 374 mWm− 2 at the depth 
interval of 1195–1675 m (Table 3). Although the analyzed depth was 
divided into two intervals, the estimated heat fluxes of both intervals 
were similar. 

The root mean squared error between the measured and estimated 
temperatures at 55 depths was 7.34 ◦C. At most depth intervals, the 
measured and estimated temperatures were generally consistent with 
each other, indicating that the general temperature pattern could be 
explained by thermal conduction (Fig 12). However, the largest differ
ence in the temperature gradient in the interval of 305–1165 m was 
0.18 ◦C/m (square root model) and 0.19 ◦C/m (effective medium model) 
at a depth of 925 m, and that within the interval of 1195–1675 m was 
0.33 ◦C/m (square root model and effective medium model) at a depth of 
1650 m (Fig. 12). The high porosity at a depth of 925 m (Fig. 10) may 
explain the large difference at this depth. 

5. Discussion 

5.1. Suitable mixing models 

Despite the historical use of the geometric model to convert 
measured TC from cuttings to bulk TC, the results highlight that the 
geometric model was not suitable for TC estimation using drill cuttings. 

Table 2 
Mean absolute RD values of each model and particle size distribution (d). Cell values show the average RD values of nine rock samples for each model and particle size 
distribution. RDm is the mean RD value of all particle size distribution for each model, and RDpsd is the mean RD value of four mixing models (except for harmonic 
model) for each particle size distribution.  

Particle size distribution d < 4 mm 850 μm ≤ d < 4 mm d < 425 μm RDm 
Model 

Arithmetic 9.93 (±7.14) 13.07 (±7.12) 12.67 (±7.65) 11.89 (±7.44) 
Harmonic 394.88 (±456.89) 355.81 (±318.53) 194.82 (±161.40) 315.17 (±345.81) 
Geometric 9.30 (±5.67) 10.98 (±5.50) 11.83 (±12.90) 10.70 (±8.80) 
Square root 5.36 (±4.11) 6.34 (±5.19) 8.47 (±5.01) 6.72 (±4.97) 
Effective medium 5.01 (±3.22) 5.15 (±4.54) 7.65 (±5.14) 5.94 (±4.54) 
RDpsd 7.40 (±5.71) 8.89 (±6.54) 10.16 (±8.58)   
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The square root and effective medium models were found to be the most 
suitable among the five mixing models examined in this study, whereas 
the harmonic mean model was the least suitable. The following list ranks 
the mixing models examined in this study in the order of the mean error 
of the estimated TCs (Table 2). 

Estimated Bulk TC Error : λerEM ≈ λerSR < λerG < λerA < λerHM  

where λerSR, λerEM, λerEM, λerG, λerA, λerHM are the errors in the estimated 
bulk TC derived using the square root, effective medium, geometric, 
arithmetic, and harmonic mean models, respectively. 

As described in Section 2.2.2, the effective medium model assumes 
that spheres of mineral aggregates are oriented randomly, whereas the 
square root model is based on the percolation theory and conceptualizes 

a highly interconnected state between particles. These mixing models 
were speculated to yield the most accurate bulk TCs because these un
derlying assumptions are suitable for the randomly packed cuttings in 
the probe. The harmonic model yielded the worst estimation of bulk TCs 
in this study. Although this mixing model has been demonstrated to be 
the best for estimating solid TCs in low-porosity igneous and plutonic 
rock cores (Ray et al., 2015; Chopra et al., 2018; Fuchs et al., 2018), it 
may not be suitable for estimating TCs from random packings of cutting 
particles in the probe. The negative estimated bulk TCs from the har
monic model resulted in RD values > 100% (Table S1). Considering that 
Fuchs et al. (2013) reported that high porosity contributed to a negative 
value when calculating the bulk TC using the harmonic model, a high 
proportion of water in the probe (~0.5) may cause RD values > 100%. 

Fig. 10. (a) Measured thermal conductivities (TC) of a mixture of pure water and drill cuttings, (b) estimated matrix conductivities, (c) measured porosities and (d) 
bulk TCs at the target well. (d) Lithology of the well (same as in Fig. 7a). A, andesite; AT, andesitic tuff; DT, dacite tuff; DTC, dacite tuffaceous conglomerate; TM, 
tuffaceous mudstone. 
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The errors in estimated TCs from the arithmetic model were small (RD <
10%) in some rock samples (e.g., FDB-1-TP37, FDB-1R-TP15, and 
FDB-1R-D5) (Fig. 9); however, this simple model yielded a large error 
(RD > 15%) in other samples. The arithmetic model also assumes an 
extraordinary layered pattern parallel to the direction of heat transfer 
(Beardsmore and Cull, 2001), which does not match all rock samples in 
this study. The geometric model, which has been widely used for bulk 
and solid TC estimation from cuttings, yielded small errors (RD < 10%) 
in most of rock samples used in this study (e.g., MAT, HT-2, HT-9). 
However, our results showed that this model sometimes yielded some 
large errors (e.g., NFD and HT-3). The results of this study did not 
provide consistent characteristics of rock types or structural properties 
(e.g., porosity) to which this geometric model could successfully be 
applied. The lack of a physical background for this model also hinders 
unified understanding. Although Fuchs et al. (2013) showed that the 
geometric model is optimal for estimating solid TCs from isotropic to 
weakly anisotropic sedimentary rock cores, elucidating the conditions 
under which the geometric model can be applied would be a topic of 
future research. 

5.2. Impact of each mineral on the solid thermal conductivity of the well 

The magnitude of the estimated coefficients of quartz, smectite, and 
rutile were larger than other minerals (Fig. 11). These minerals with a 
relatively large coefficients influenced the solid TCs. The characteristic 
pattern of QI matched the depth pattern of the solid TC, and the negative 
coefficient of smectite indicated that the solid TC decreased as the QI of 
smectite increased (Figs. 10 and 13). The TCs of alpha-quartz and rutile 
have been reported as 7.7 Wm− 1K− 1 and 5.18 Wm− 1K− 1, respectively 
(Brigaud et al., 1989, 1992; Harada et al., 2010), whereas smectite has a 
small TC of 1.9 Wm− 1K− 1 (Brigaud et al., 1989, 1992). Thus, the in
clusion of quartz and rutile could increase the solid TC, whereas smectite 
could result in a decrease in the solid TC. As the coefficients of other 
minerals were within ± 0.5, these minerals had relatively small effects 
on solid TC. 

5.3. Effects of fluid migration on temperature profile 

The biggest difference in the gradient was found at a depth of 1650 

m; in comparison, the temperature structure around 1500–1650 m 
depth was convex downward compared with the estimated temperature 
structure assuming pure thermal conduction (Fig. 12), suggesting that 
the heat convection influenced the temperature structure. NEDO (2009) 
reported the influx point at a depth of 1502 m and the effluence point at 
a depth of 1615 m (Fig. 7a). Thus, formation water possibly enters the 
well from the slot of the liner pipe over 1501 m and from the slot of the 
well around 1650 m (Fig. 7). The downward flow of water in a well, 
which comes from the upper to the lower lost circulation layer, con
tributes to the downward convex structure of the temperature profile 
(The Geothermal Research Society of Japan (GRSJ), 2014). Therefore, a 
down-cross flow in the well may exist at 1500–1650 m owing to influ
x/effluence points. The existence of this flow may also influence rela
tively high measured gradients at depths of 1495 and 1625 m, where 
difference values are also high (Fig. 7b). In addition to the temperature 
at depths of 1500–1650 m, Fig. 11c shows a large difference of 
~0.18 ◦C/m at a depth of 925 m. As the LC points were reported at 
depths of 913.7 and 930.2 m (Fig. 7a), this may influence the temper
ature structure at these depths. 

5.4. Error sources in thermal conductivity measurements 

The errors of the estimated solid TCs were considered to originate 
mainly from two error sources: the random packing of drill cuttings and 
the measurement error of the transient plane source method. The mean 
and the standard deviation of the maximum difference between 
respective and the mean solid TC were 3.3±2.4% (square root model) 
and 3.6±2.6% (effective medium model) for 65 drill cuttings in the 
Hachimantai geothermal field measured 3 times at each depth, reflect
ing the error of the estimated solid TC. The errors of the estimated bulk 
TCs were also quantified from the cuttings at the Hachimantai field, and 
the mean and standard deviation of the maximum difference between 
respective and the mean bulk TC were 3.0±2.2% (square root model) 
and 3.3±2.4% (effective medium model). These errors of the bulk TCs 
were attributed mainly to both the solid TC error and the error of the 
measured porosities. To obtain more theoretical error of the bulk TC, the 
RDs of the bulk TC Δλb of the mixing models were derived from the error 
of the solid TC Δλs described above and the measured error of porosity 
Δϕ based on the error propagation theory (Δλb =

Fig. 11. The estimated coefficient of each mineral in Eq (9), which indicate the importance of each mineral to the estimated solid TC, by the linear regression 
analysis. (a) the estimated coefficients calculated from the matrix TC with square root (SR) model, and (b) those from the matrix TC estimated with effective medium 
(EM) model. 
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(Δλs⋅∂λb/∂λs)
2
+ (Δϕ⋅∂λb/∂ϕ)2

√

). The measured error of porosity Δϕ 
was also obtained as the maximum difference between respective and 
the mean porosities from each depth sample (measured 3 times) of 65 
drill cuttings in the Hachimantai geothermal field. The error propaga
tion analysis indicated that Δλb were 1.8±0.87% and 4.8±2.9% using 
the square root and effective medium models, respectively. These errors 
were consistent with or smaller than the RD values shown in Table 2. 
The smaller error values obtained from the error propagation analysis 
compared with the RD values in Table 2 may be attributed to the mixing 
model which represents ideal conditions that may deviate from the 
actual arrangement of cuttings. Nevertheless, the error propagation 
analysis demonstrated that most of the variation of the estimated bulk 

Fig. 12. (a) The measured and calculated temperature (Test) of the target well. The blue line shows the estimated temperature using thermal conductivities (TCs) 
calculated using the square root (SR) model and the gray line shows TCs calculated with effective medium (EM) model. The red line indicates the temperature log. (b) 
The measured (gradTmea) and estimated (gradTest) temperature gradient at each depth. (c) The difference values from Eq. (14), which represent the difference 
between the gradients of estimated and measured temperatures. (e) Lithology of the well (Fig. 7). A, andesite; AT, andesitic tuff; DT, dacite tuff; DTC, dacite 
tuffaceous conglomerate; TM, tuffaceous mudstone. 

Table 3 
The estimated heat flux, respective measured temperature gradient (gradTmea), 
and harmonic average of thermal conductivity (TC). SR and EM denote the 
square root and effective medium models, respectively.  

Depth 
interval 

Number 
of data 

Estimated 
heat flux 
[mWm− 2] 

Average of 
gradTmea [ 
◦C/m] 

Harmonic average of 
TC [Wm− 1K− 1] 

SR EM SR EM 

305–1165 m 33 353 371 0.18 (±0.08) 2.00 
(±0.36) 

2.10 
(±0.41) 

1195–1700 
m 

22 348 374 0.13 (±0.11) 2.63 
(±0.34) 

2.82 
(±0.38)  
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TCs could be explained by these error sources. 
In addition to the above error sources, anisotropy of rock mass may 

influence the accuracy of the bulk TC obtained from the drill cuttings. 
Previous studies have pointed out that TC anisotropy of rocks exists 
owing to internal structures of rocks such as laminations, mineral 
compositions and fracture orientations (Popov and Mandel, 1998; Davis 
et al., 2007). The TC anisotropies of rocks used in this study were not 
measured because the measurements assumed an isotropic medium. In 
addition, the use of cores obtained from a borehole did not allow 
shaping of cores in different directions. Considering that volcanic and 
pyroclastic rocks show isotropic TC compared with metamorphic rocks 
and shales (Davis et al., 2007), and the bulk TCs obtained from the 
cuttings in Section 3.1 were almost consistent with those of the cores, 
the influence of TC anisotropy on the measured rock cuttings in this 
study may be negligible. However, the magnitude of TC anisotropy has 
been shown to vary from rock to rock, even for the same species (Popov 

and Mandel, 1998); thus, rocks with substantial anisotropy may induce 
errors in the TC obtained from their drill cuttings. 

6. Conclusions 

This study proposed and examined a TC measurement method for 
drill cuttings using an original probe based on the transient plane source 
principle. To accurately obtain bulk and solid TCs from drill cuttings, the 
choice of mixing model is important. For the first time, this study 
quantitively compares the choices of five mixing models to determine TC 
from drill cuttings. The comparison showed that the suitable mixing 
models for TC estimation from drill cuttings of igneous and pyroclastic 
rocks were the square root and effective medium models, although the 
geometric model has previously been used for that purpose. In addition, 
the proposed method can measure and estimate practical bulk TC, as the 
errors between measured and estimated bulk TCs were within 10%, 
except for one granite sample. These results demonstrated the effec
tiveness of the transient plane source principle for quick and reliable TC 
measurement. 

The measurement method was applied to drill cuttings obtained from 
a well in the Hachimantai geothermal field, Japan, and the solid and 
bulk TCs along the well were estimated. The estimated solid TCs aligned 
with the characteristic lithology of the well, and a linear regression 
analysis with mineral constituents confirmed that silica has a strong 
effect on the solid TC. Further, the analysis of the temperature profile 
using the TCs delineated the depth interval that could not be explained 
by thermal conduction, thereby identifying possible fluid-flow zones in 
the well. As such, the dense TC measurements from drill cuttings enables 
a detailed understanding at depths in geothermal fields. 

The major limitation of TC determination from drill cuttings is the 
random variation of measurements, mainly owing to random packing of 
the drill cuttings. An effective way to reduce the random variation is by 
measuring samples multiple times. Further, the anisotropy of TC cannot 
be evaluated from the drill cuttings. Thus, for rock types with potentially 
large anisotropic TC, anisotropy may be better evaluated from available 
core samples. Despite these limitations, the dense measurement of TCs 
from drill cuttings by the proposed method is useful because of its cost- 
effectiveness, easy sample preparation and measurement accuracy. The 
measured TC can be applied in many aspects of geothermal develop
ment, such as characterizing geothermal reservoirs, determining the 
thermal properties for hydrothermal simulations, and identifying po
tential fluid-flow zones. 
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heterogenen Substanzen. I. Dielektrizitätskonstanten und Leitfähigkeiten der 
Mischkörper aus isotropen Substanzen. Ann. Phys. 416, 636–664. https://doi.org/ 
10.1002/andp.19354160705. 

Bulmer, M.G., 1979. Principles of Statistics. Dover, New York, USA.  
Chopra, N., Ray, L., Satyanarayanan, M., Elangovan, R., 2018. Evaluate best-mixing 

model for estimating thermal conductivity for granitoids from mineralogy: a case 
study for the granitoids of the Bundelkhand craton, central India. Geothermics 75, 
1–14. https://doi.org/10.1016/j.geothermics.2018.03.011. 

Clauser, C., 2009. Heat transport processes in the earth’s crust. Surv. Geophys. 30, 
163–191. https://doi.org/10.1007/s10712-009-9058-2. 

Davis, M.G., Chapman, D.S., Wagoner, T.M.V., Armstrong, P.A., 2007. Thermal 
conductivity anisotropy of metasedimentary and igneous rocks. J. Geophys. Res. 
112, B05216. https://doi.org/10.1029/2006JB004755. 
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