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Theoretical and experimental
study of thermo electrical coupling
mechanisms in coal bearing rocks

Xiaokun Zhao?, Jun Ge'™, An Zhang?, WenCai Wang?, Donghui Yang?, Yong Liu' & Weixia Fu!

To reveal the mechanisms governing the temperature-dependent electrical behavior of coal-bearing
surrounding rocks, a multi-physics coupling model was established and combined with experimental
data to systematically analyze the evolution of resistivity and dielectric properties with temperature.
The results show that resistivity undergoes a three-stage transformation: it first increases due to
microcrack development and pore-water evaporation, then decreases sharply as carriers are thermally
activated, and further declines at higher temperatures. Dielectric properties are markedly enhanced
beyond a critical threshold, accompanied by a relaxation peak that indicates interfacial and ionic
polarization dominate under thermal activation. A pronounced frequency dispersion is also observed,
with polarization processes being suppressed at higher frequencies. These findings demonstrate

that temperature strongly regulates carrier mobility and polarization capacity, thereby exerting a
fundamental influence on the resistivity and dielectric response of rocks. This work provides theoretical
support and practical reference for temperature correction in deep resource geophysical exploration,
real-time monitoring of thermal damage in mines, and stability assessment of rocks under high-
temperature conditions.

Keywords Variable-temperature coal rock, Rock resistivity, Carriers, Rock dielectric properties, Migration
capacity

With rising global energy demand and the depletion of shallow resources, developing deep coal resources
and exploring dry-hot rock geothermal energy have become strategic priorities. As a key component of the
mine host rock system, the temperature-induced variation in overburden electrical properties (resistivity and
dielectric constant) directly affects EM exploration accuracy and rock thermal-damage assessment!2. These
properties are further controlled by water content, porosity, and mineralogy®. Overburden resistivity is typically
high but sensitive to moisture and mineral composition, whereas the dielectric constant increases with water
saturation and certain mineral constituents*. For dry-hot rocks in deep geothermal applications, elucidating the
temperature dependence and mechanisms of electrical responses is therefore essential®. However, prior work has
largely emphasized ambient, static characterization and lacks a systematic understanding under multi-physics
coupling.

In studying temperature effects on rock resistivity, Ren® developed a temperature-coupled resistivity test
system and found that temperature-induced resistivity changes are more pronounced at low pressure. Hersir’
analyzed rock resistivity structures and high-temperature geothermal systems, verifying that when pore-fluid
resistivity is < 2Q-m the pore fluid dominates bulk conductivity; resistivity also correlates with temperature. Zhu®
showed that resistivity first increases and then decreases with temperature using heat-treated coal specimens. Du
et al.? reported that heating alters pore topology and structure. Alonso et al.'” showed that higher temperatures
accelerate nuclide migration via enhanced thermal motion, whereas pressure modifies pore structure and
permeability, indirectly affecting transport. Chen et al.!! considered temperature magnitude and lattice-bound
water. However, many models assume a constant carrier concentration, ignoring high-temperature, lattice-
vibration-induced surges, which can cause up to two orders of magnitude error in resistivity prediction.

Recent studies indicate strong frequency dependence in the temperature response of dielectric properties;
revealing frequency-temperature coupling during polarization relaxation is a current focus in dielectric physics.
Belyanchikov et al.!? studied the dielectric ordering of water molecules in mineral lattices and found that the
arrangement of water molecules in the lattice significantly influences the dielectric response. Furthermore, Zheng
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et al.13 used terahertz time-domain spectroscopy (THz-TDS) to investigate the impact of crystal water content
on the dielectric properties of gypsum, and proposed a dielectric constant model based on crystal water content.
These studies provide new perspectives on the dielectric behavior of water in minerals. Breeze!* proposed a
density functional perturbation theory-based model for predicting the dielectric constant of metal oxides,
revealing the impact of lattice vibrations on dielectric losses. Shu and co-authors' reported that YIG’s dielectric
constant and loss tangent exhibit characteristic frequency-dependent patterns linked to crystal structure and
electromagnetic properties. Lambert!¢ showed that lattice geometry (shape, size, porosity) can tune the effective
dielectric constant while maintaining a low loss tangent. However, most studies are limited to single-frequency
or narrow-temperature tests, leaving a gap in full-temperature (room temperature to ~ 700 °C), multi-band
datasets needed to resolve temperature-frequency-polarization coupling. Suman et al.'” reported lower losses
with higher room-temperature permittivity and magnetic-field-induced changes in dielectric properties,
evidencing magneto-electric coupling. Wang et al.'® showed that strengthened chemical bonding suppresses
lattice changes, thereby reducing impacts on dielectric and electrical properties.

Here we construct a resistivity-temperature multi-field coupling model by integrating Archie’s pore-fluid
conductivity framework!® with the Arrhenius activation-energy formalism? and apply it to ten overburden
rock types from the Shanxi coalfields. We establish a temperature-dependent polarizability model for the
dielectric constant and compile full-temperature-range resistivity and dielectric spectra datasets. By comparing
electrical evolution across mineralogies, we clarify how temperature affects electrical parameters via a thermal-
stress > microcracking - polarization pathway, and we propose electrical criteria for thermal damage in coal-
bearing rocks?!. These results provide a theoretical basis for temperature correction in deep-resource electrical
exploration and technical parameters for developing real-time mine thermal-damage monitoring systems.

Theoretical study of rock resistivity
Definitions and models of rock resistivity
Resistivity quantifies a material’s opposition to electric current. It depends on intrinsic factors (mineralogy,
porosity, saturation) and extrinsic conditions (temperature, pressure).

For a homogeneous, isotropic specimen, resistance follows Ohm’s law: R=p - L/A, and o0=1/p, where L is
length and A is cross-sectional area.

Archie’s law relates the resistivity of a fluid-saturated rock to the pore-fluid resistivity and porosity and is
widely used in petroleum geophysics:

Prock = apfluid¢7m (1)

where p . is rock resistivity (Q-m); py ., is pore-fluid resistivity (Q-m); ¢ is porosity; a is the tortuosity factor;
m is the cementation exponent.

The derivation assumes a connected pore network, negligible surface conduction in the matrix, and
conductive pore fluid. In this framework, the resistivity ratio primarily reflects tortuosity and pore connectivity.

Temperature effects on rock resistivity
Temperature is a key control on resistivity. Heating changes carrier concentration, mobility, and microstructure
(e.g., water evaporation and microcracking), producing non-monotonic trends.

Over broad ranges, temperature dependence can be captured with an Arrhenius-type relation. The Arrhenius
equation was originally used to characterize the dependence of chemical reaction rates on temperature, but is
also widely used to characterize how the resistivity of a substance changes with temperature.

The Arrhenius relation for resistivity is:

Eaq

Ke(T + 273.15)) @

p(T) = po exp(

where p(T) is the resistivity at a temperature T; p, is resistivity at the reference temperature T;; E, is the activation
energy, which represents the energy required for an electron (ion) to cross the barrier; and k; is the Boltzmann
constant, with a value of about 8.617 x 10~° eV/K.

Modeling resistivity as a function of temperature

It is assumed that the resistivity is mainly caused by the distribution as well as the recombination of the charge
carriers during the warming process. This process can be described using the activation energy (E ), i.e., the
charge carriers need to overcome certain obstacles in order to move. The resistivity p(T) and conductivity o(T)
are inversely related to each other, i.e. p(T)=1/0(T). And the conductivity is related to the concentration of
carriers inside the carrier as well as the mobility law, the expression is.

o(T) = n(T)qu(T) 3)

where n(T) is the carrier concentration; g, he elementary charge; and p(T) the mobility. Typically, the response
of u(T) to temperature is characterized as:

1(T) = o exp( ,f?”T) )

Here E is the activation energy for carrier migration (J or eV).
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By combining the Arrhenius equation and assuming that the carrier concentration does not vary with
temperature, n(T) =n,, the conductivity can be transformed into:

E L
o(T) = nogpo exp(—7) (5)
B
The resistivity can be expressed as:
1 E
T)= ——ex £ 6
AT) = s PG T) (6)

Let p,=1/n,qu, at the reference (room) temperature T ; substituting yields a practical form for fitting:

3 E, — Eo
p(T) = pexp(ikBT ) (7)

Here E denotes activation energy at T, and E, captures temperature-induced changes in activation barriers.

At the macroscopic level, the resistivity of rock minerals is directly related to the movement of carriers at the
microscopic level. At the microscopic scale, particles within the rock are subjected to specific forces, and these
particles must accumulate sufficient energy to overcome energy barriers in order to transform into free-moving
charge carriers. As temperature increases, the energy acquired by the particles also increases, allowing more of
them to cross these energy barriers and become free charge carriers, which in turn reduces the resistivity of the
rock.

In addition, at high temperatures, the thermal behavior of different mineral particles within the rock becomes
inconsistent (e.g., due to the inhomogeneity and anisotropy of thermal expansion). This variability leads to
mutual constraints between different parts of the rock, restricting free deformation in certain directions and
thereby generating thermal stresses. When these stresses exceed the rocK’s tolerance limit, microscopic cracks
may form, eventually developing into larger cracks. The presence of such cracks increases the rock’s porosity,
which ultimately leads to an increase in resistivity.

Theoretical study of rock dielectric properties
Theoretical basis for dielectric properties
Rocks can generally be regarded as special dielectric materials because they are composed primarily of non-
metallic minerals. When subjected to an external electric field, a dielectric exhibits polarization and relaxation
phenomena. Polarization refers to the rearrangement of internal charges, producing a macroscopic charge
distribution, while relaxation describes the process by which charges attempt to return to equilibrium after
removal of the external field.

The dielectric properties of materials vary with temperature and microwave frequency, and are usually
expressed by the complex dielectric constant >3

€ = goer = eo(el — jelr) (8)

where ¢’ is the relative permittivity (or relative capacitance), €” is the dielectric loss factor, €, is the permittivity
of free space, and j is the imaginary unit.

In practical applications, since the absolute values of the dielectric constant of most materials are small, the
complex relative permittivity is commonly used to quantitatively characterize the dielectric response. It can be
observed that the complex relative permittivity consists of two components: the relative permittivity (¢’), which
reflects the ability of the dielectric material to store electrical energy, and the relative dielectric loss factor (g”),
which represents the energy dissipation in the material.

The dielectric loss tangent (tand) is a parameter that simultaneously evaluates changes in both the dielectric
constant and the dielectric loss factor, and it is defined as the ratio of the relative dielectric loss factor to the
relative permittivity?>23:

tand = — 9)
el

Polarization mechanisms in dielectrics

The dielectric response of materials under different conditions is mainly governed by several polarization
mechanisms, including orientational polarization (dipolar polarization), induced polarization (atomic and
electronic polarization), and interfacial polarization**-%. Under an alternating electric field, the displacement
of charges inside the dielectric is not instantaneous; instead, a certain delay occurs, reflecting the lag in the
polarization response.

(1) Orientational polarization.

In the absence of an external electric field, molecular dipoles are randomly oriented due to thermal motion,
resulting in an overall macroscopic dipole moment close to zero. When an external electric field is applied, dipoles
align along the field direction, leading to macroscopic polarization. The stronger the electric field, the more
pronounced the orientational polarization. Conversely, as the temperature increases, molecular thermal motion
disrupts the ordered alignment, thereby weakening the polarization effect. The establishment of orientational
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polarization is relatively slow (1071°-1072 s), and its polarizability is usually several orders of magnitude higher
than that of electronic polarization. The polarizability can be expressed using the Boltzmann distribution?”:
Nu?
0) =
X0 = 320F

(10)

where,x (0)is the electric field polarizability, a dimensionless number; k represents Boltzmann’s constant and T
is the temperature. p is the dipole moment, expressed as:

p=gql (11)
where q is the charge (C); 1 is the spacing between anisotropic charge centers.
(2) Induced polarization.

Induced polarization consists of electronic and ionic polarization:

Electronic polarization: The electron cloud shifts slightly relative to the nucleus under the electric field,
forming a transient dipole. The response is extremely fast (1071°~107!*s), but the strength is relatively weak.

Tonic polarization: Positive and negative ions in the crystal lattice are displaced relative to each other under
the electric field. This process is slower (10713-107!2 s), but the polarization strength is greater than that of
electronic polarization.

Overall, the total polarizability of a molecule can be considered as the sum of orientational polarizability
and induced polarizability?®. This effect occurs universally in atoms and molecules, regardless of whether the
molecule has a permanent dipole or whether its structure is rigid or flexible. From first principles, the total
molecular polarizability can thus be expressed as:

NdM2
= 12
x(0) 3eorT + Nma (12)

where Nd and Nm represent the number of dipoles and polarized molecules, respectively.
(3) Interface polarization.

Interfacial polarization arises from charge accumulation at regions with different electrical properties, such
as grain boundaries, phase interfaces, or material surfaces. As the temperature increases, carrier diffusion
becomes stronger, leading to reduced interfacial charge density and polarization strength. This mechanism
makes a significant contribution at low frequencies, substantially enhancing the dielectric constant, but is often
accompanied by large energy losses. At high frequencies, however, because the polarization cannot keep up with
the rapid changes of the electric field, its contribution diminishes, leading to a decrease in the dielectric constant.

Numerical modeling of dielectric properties and temperature
The dielectric properties of rocks are influenced by multiple factors, including mineral composition, water
content, porosity, and temperature. Variations in these parameters affect the degree of polarization within the
material, thereby altering its dielectric constant.

The effect of temperature is mainly manifested in the polarization process. Elevated temperatures enhance
the mobility of polarized particles inside the material, thus influencing the dielectric constant. This relationship
can be expressed as:

e(T) = eo[l + x(T)] (13)

where g, is the dielectric constant at the reference temperature (usually room temperature), x(7')is the
temperature-dependent change in polarization rate.

Polarizability x(7")Reflects how temperature affects the activity of polarized particles within a material,
thereby changing the dielectric constant. Its derivation is based on the law of distribution in statistical physics,
assuming that the activity of the polarized particles follows the Boltzmann distribution, and the derivation
process is as follows: the energy distribution of the polarized particles at temperature T obeys the Boltzmann
distribution, and its average energy is E . Assuming that the polarization rate at the base temperature is xo, and
that the activity of the polarized particfes will change according to an exponential law for each unit change in
temperature, we have:

x(T) = xo exp(—kipT) (14)

Converting Celsius temperatures to absolute temperatures (K) can be expressed in the following form:

Ep

IcB(T+273.15)) (15)

X(T) = xo exp(—

where xois the base value of the polarizability; E, is the activation energy associated with polarization, J/mol;
and k; is the Boltzmann constant.
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Bringing the x(7") above into the temperature dependence of the dielectric constant equation:

E

P
kp(T + 273.15)) (16)

e(T) =¢eo |1+ xoexp(—

Thus, as temperature increases, the polarization rate decreases, leading to a lower dielectric constant. This
theoretical result provides support for the experimental analysis in the following section.

Experimental study on temperature-dependent electrical properties of rocks
Specimen preparation and resistivity testing

This study selected 10 rock types from the overlying strata of coal seams in Shanxi Province as research objects.
The sample preparation process is shown in Fig. 1. First, a sand-line cutting machine (a) was used to cut core
samples (b) drilled from the mining area into circular thin sections with a diameter of 10 mm and a thickness of
3 mm (+0.5 mm) (d). Subsequently, a grinding machine (c) was used to polish the upper and lower surfaces of
the core slices to a smooth finish. A portion of the core samples had their upper and lower surfaces evenly coated
with conductive silver paste to prepare specimens for electrical property testing.

Characterization of resistivity anomalies in metamorphic rocks

Resistivity was measured in situ under variable-temperature conditions using a high-temperature insulation-
resistance system, (as shown in Fig. 2), comprising an infrared reflective furnace, water cooler, vacuum pump,
and insulation-resistance meter. The stated accuracy of the meter is: R< 10 G £2%; 10 GQ <R < 1000 GQ: +5%;
R>1000 GQ: £10%. A two-electrode configuration was adopted. Tests were performed from 30 °C to 700 °C at
3 °C min~! under a vacuum of — 0.1 MPa (gauge); temperature stability over the full range was + 1 °C.

Figure 3 shows the resistivity—temperature (p-T) curves of the ten rock samples, which exhibit similar
overall trends. For clarity and analysis, the anomalous features of resistivity during heating are summarized by
characteristic temperature points, as listed in Table 1.

The anomalous resistivity response of rocks under variable-temperature conditions can be divided into three
stages:

Stage I (room temperature > T_,): As the samples are heated, thermal stress causes the initiation and
propagation of microcracks. At the same time, the absorption of heat and the evaporation of inherent pore water
reduce carrier mobility and concentration. These effects cause resistivity to increase rapidly, reaching a peak
value at T,

(c) Grinding machine (d) Core slice

Fig. 1. Sample preparation process.
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Fig. 2. Testing system of high temperature insulation resistance.

Stage II (T > T, ,): With further heating, charge carriers are thermally activated and the microstructure
undergoes 51gn1ﬁcant changes The effective energy barrier for carrier migration decreases, which enhances
carrier concentration and electron transport. As a result, the resistivity of the rock decreases rapidly.

Stage IIT (T 9TP ): At higher temperatures, thermal stress may lead to partial crack closure or even local
melting, which facilitates electron migration. Although the p-T curve shows a less pronounced downward trend
at the macroscopic scale, the data in Table 1 indicate that resistivity still decreases by 2-5 orders of magnitude
in this stage.

To establish a reproducible quantitative correlation between the rapid decrease of resistivity in the second
stage (T >T, ,) and the Arrhenius activation energy barrier model from “Theoretical study of rock dielectric

propertles we approx1mate the apparent activation energy E, based on the characteristic points (T o2 p2) and
(T, p3) of the various rock samples listed in Table 1 during the second stage.
In(p2/p3
By = hp—2(p2/p3) (17)

1/Tp,2 - 1/Tp,3

In the equation, k; is the Boltzmann constant, approximately 8.617x 107> eV/K.

Table 2 provides the two-point approximation of E, for several representative samples (R1, R3, R6, R8, R10).
Meanwhile, the steep decline in Stage IT corresponds to an E_ in the range of approximately 0.2-1.0 eV, explaining
the difference in the “rate of decrease” caused by variations in mineral composition and pore fracture differences,
which aligns with the description of charge carrier migration and energy barriers in the previous section.

These results show that rocks exhibit different sensitivities to temperature under variable conditions.
Variations in moisture content, carrier concentration, and microstructure jointly control the resistivity behavior
at different temperature stages.

As seen from Table 1; Fig. 3, there are systematic differences in both the characteristic temperatures and
amplitudes among samples. One group exhibits a resistivity peak at relatively low temperature (Tp,2 <120 °C;
e.g., R1, R3, R4, R6, R9), whereas another group reaches the peak only at higher temperature (T , 2 250-
300 °C e.g., R8), with some samples falling in between (e.g., R7, R10). These differences can be hnked to (i)
clay mineral content and the desorption windows of bound/interlayer water (from a few hundred to several
hundred degrees Celsius), (ii) thermal expansion and structural strain dominated by quartz/SiO,, and (iii)
initial moisture content and polarization pathways governed by porosity and connectivity. Specifically, a lower
T ,often indicates that free and weakly bound water escape substantially at lower temperature and that early
thermally induced microcracking tends to occur—features commonly seen in rocks with lower clay content
and/or lower initial moisture and higher compactness. By contrast, samples with higher T, (e.g., R8) are more
likely to contain larger amounts of clay phases or possess higher porosity/connectivity, so tﬁat bound water and
interfacial polarization are not markedly disrupted until a higher temperature range, where carrier activation is
triggered—delaying the turnover from resistivity rise to decline. This interpretation is also consistent with the
group-wise difference in room-temperature resistivity: for instance, R8 already shows lower resistivity at room
temperature, implying a stronger contribution of conductive phases/porosity/moisture to bulk conduction,
which accords with its higher T ,and the “delayed dewatering-delayed activation” behavior. The above links
are qualitative and aim to anchor the electrical response to potential mineralogical/porous-structure attributes;
cross-checks with dielectric spectra are provided below.
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Fig. 3. Variation characteristics of resistivity of rock samples with temperature.

Characterization of dielectric anomalies in metamorphic rocks

In this study, a high-temperature dielectric spectrum test system (Fig. 4) was employed to characterize the
dielectric response of ten overburden rock slices coated with conductive silver paste, as described previously.
Measurements were carried out at different electric field frequencies during heating (Figs. 5, 6, 7, 8, 9, 10, 11, 12,
13 and 14).

The test system consisted of an infrared reflecting furnace, a water cooler, a vacuum pump, and a WK6500B
precision impedance analyzer (basic accuracy: 0.05%, frequency range up to 1 MHz). The initial temperature
was set to 30 °C, and the final temperature to 700 °C. A temperature step of 10 °C and a heating rate of 3 °C/min
were adopted. The test chamber was maintained at a vacuum of — 0.1 MPa (gauge), with a temperature stability
better than +1 °C across the full range. The dielectric parameters were measured at 50 kHz, 100 kHz, 500 kHz,

and 1 MHz.
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Fig. 3. (continued)

Through analysis of the experimental data, the dielectric response of rocks to temperature can be divided into
three stages, and the corresponding characteristic parameters are summarized in Table 3.:

(1) Room temperature > T, : With increasing temperature, inherent water in the rock gradually evaporates,
and thermal expansion initiates crack development. At this stage, the dielectric response is dominated by
electronic polarization, and the dielectric parameters (&', €”) decrease gradually.

(2) T,, > T,,In this temperature range, the dielectric constant and dielectric loss remain relatively stable,
showing little sensitivity to further heating. This indicates that the rock exhibits good thermal stability, and
that the contributions of space-charge, orientational, ionic, and electronic polarization are all weak??.

(3) T,,~> 700 °C: At higher temperatures, the dielectric parameters (¢’, ¢) show a pronounced temperature
dependence, i.e., both increase significantly with heating. This indicates that polarization processes are ther-
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Fig. 3. (continued)

mally activated, and various types of polarization are rapidly established, thereby enhancing the polarizabil-
ity and charge storage capacity of the rock.

Furthermore, the dielectric loss-temperature curves reveal a relaxation peak near T, ,. This peak reflects the
inability of dipoles to follow the rapid changes of the external field at elevated temperature, leading to a sudden
change in dielectric properties. This phenomenon is closely related to the mechanisms of microstructural
evolution in rock samples. As the temperature increases, pores and microcracks within the rock undergo
significant changes: on the one hand, thermal stress promotes the extension of pre-existing microcracks and the
formation of new cracks; on the other hand, fluids within the pores gradually evaporate and redistribute, thereby
altering the electrical continuity and polarization environment of the rock. These structural modifications
directly affect the migration pathways of charge carriers and the accumulation of interfacial charges.

When the number of cracks increases or the pore structure becomes more complex, the contributions of
interfacial polarization and space-charge polarization are significantly enhanced, leading to nonlinear variations
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Rock type Tﬁ,l("C) Resistivity(£2 - m) Tw("C) Resistivity(€2 - m) Tp’a("C) Resistivity(£2 - m) TI% /(°C) | Resistivity(€2 - m)
R1 Normal temperatures | 3.29 x 108 72.8 7.91 x 108 320 1.33 x 107 700 5.19 x 10*
R2 Normal temperatures | 5.25 x 10° 138.8 2.56 x 108 320.7 9.26 x 10° 700 8.64 x 10*
R3 Normal temperatures | 4.48 x 10° 106.8 1.45 x 108 290 2.44 x 10° 700 4.10 x 10*
R4 Normal temperatures | 1.18 x 10° 93.9 8.53 x 107 310 1.04 x 10° 700 1.20 x 10°
R5 Normal temperatures | 1.58 x 10° 105.0 1.30 x 107 340 1.57 x 10° 700 8.18 x 10°
R6 Normal temperatures | 6.95 x 10° 90.6 2.66 x 107 272 3.22x10° 700 3.62 x 10°
R7 Normal temperatures | 6.01 x 10° 185.1 8.57 x 107 360.5 5.62 x 10° 700 1.4 x10*
R8 Normal temperatures | 4.69 x 10* 303.7 4.95 x 106 483.6 3.98 x 10* 700 11.78

R9 Normal temperatures | 2.21 x 108 66.0 4.01 x 108 250 6.65 x 10° 700 702.4
R10 Normal temperatures | 2.04 x 107 173.0 9.95 x 107 360 554 x 10° 700 2.90 x 10*

Table 1. Resistivity characteristic parameters of rock.

Rock type Tp’z("C) p2 (Q-m) TP,3 (°C) | p3 ('m) | E_(eV)
R1 78.2 7.91x10% | 320.0 1.33x107 | 0.29
R3 106.8 1.45x 10 | 290.0 2.44x10° | 0.41
R6 90.6 2.66x107 | 272.0 3.22x10° | 0.42
R8 303.7 | 4.95x10° | 483.6 3.98x10* | 1.01
R10 173.0 9.95% 107 | 360.0 5.54x10° | 0.38

Table 2. Apparent activation energy and decrease factor for stage II (TP > T, ;) two-point arrhenius
approximation.

of the dielectric constant and loss factor during heating. In contrast, under high-frequency electric fields, these
microstructure-induced polarization mechanisms often fail to respond in time to the rapid alternation of the
applied field, resulting in dielectric relaxation phenomena characterized by relaxation peaks and frequency
dispersion. Therefore, dielectric relaxation is not only a physical manifestation of electrical response but also a
macroscopic reflection of microstructural processes in rocks, such as the expansion of crack networks, changes
in porosity, and the redistribution of interfacial charges under high-temperature conditions.

For the dielectric parameters of rocks measured at different frequencies, frequency dispersion is reflected
in the fact that both the dielectric constant and the dielectric loss factor decrease with increasing frequency.
Specifically, the dielectric constant is higher at lower frequencies but decreases as frequency increases, because
slower polarization mechanisms cannot keep pace with the rapid changes of the applied electric field. In addition,
the dielectric loss tangent (tan §), which characterizes the ratio of energy dissipation to energy storage within the
material, is also strongly affected by frequency.

The dielectric constant and loss increase broadly in the high-temperature range (T ,»700 °C), with aloss peak
emerging near 500-560 °C (i.e., T, ,), indicative of strong interfacial polarization/ conductivity enhancement and
thermally activated processes. Regarding inter-sample differences, those with more pronounced low-frequency
increases in ¢’ and ¢” (e.g., R8) generally correspond to a more developed pore-interface system and higher
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Fig. 5. Variation of dielectric properties of rock R1 with temperature.
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Fig. 14. Variation of dielectric properties of rock R10 with temperature.

clay content (since polarizable groups in clays and bound water facilitate low-frequency polarization). Samples
showing a sharper relaxation peak near 700 °C may reflect enhanced dielectric mismatch driven by structural
strain/transformations in a quartz/SiO,-rich framework (manifested macroscopically as the accumulation and
release of interfacial charges). Conversely, weaker rises in ¢'/¢” and a blunter peak shape are more consistent with
mineral assemblages that are denser and poorer in pores/clays. This frequency-dispersion behavior corroborates
the group-wise differences of T,/ T,;in “Characterization of resistivity anomalies in metamorphicrocks”:
samples enriched in pores and clays not only display a higher T ,(i.e., a “delayed turnover”) but also exhibit
stronger low-frequency polarization and loss at elevated temperature.

The temperature dependence of the dielectric loss tangent at four test frequencies (50 Hz, 100 kHz, 500 kHz,
and 1 MHz) is shown in Fig. 15, considering the variation of both the dielectric constant and the loss factor.
The dielectric constant, dielectric loss factor, and dielectric loss tangent of the rock samples decrease gradually
with increasing frequency, because ionic and orientational polarization mechanisms cannot follow the rapid
changes of the applied field at higher frequencies. This incomplete establishment of polarization processes at
high frequencies results in lower dielectric parameter values.

The frequency dependence of the dielectric loss tangent is consistent with that of the dielectric loss factor,
indicating that ¢” plays a dominant role in the dielectric response of rocks. In contrast, the dielectric loss
tangent increases with increasing temperature, and a loss peak appears. This peak is attributed to polarization
mechanisms such as thermally activated dipolar processes and conduction effects, indicating that the dielectric
relaxation behavior of rocks is closely related to polarization theory in solid-state physics.

Since moisture, porosity, and mineralogy are key controlling factors for electrical properties, within the
existing experimental framework, we establish a qualitative correlation between the R1-R10 samples and their
potential mineralogical, moisture, and porosity attributes based on electrical surrogate parameters.
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Rock type | Frequency/Hz | Temp/°C Tm(s’) Ts)l(s”) Temp/°C Tm(s’) T&Z(s”) Temp/°C Tm(s’) Ts,g(s")
50 K 3386 |[3.4x107 3561 |7.1x1072 40.86 | 1.04x107!
100 K 3345 [2.7x1072 3494 |55x1072 39.59 |8.80x1072
R1 ————100 330 530
500 K 32.81 |[2.0x1072 33.69 |3.7x1072 36.45 |8.10x1072
1M 32.51 | 1.8x1072 3319 [34x1072 3514 |7.50x1072
50 K 221 1.5x1072 2.26 3.7x1072 2.74 1.50x 107!
100 K 2.20 1.3x1072 2.23 2.6x1072 2.59 1.01x 107!
R2 ——————— 100 220 400
500 K 2.18 1.1x1072 2.19 1.7x1072 2.39 6.90x 1072
1M 2.16 0.9%1072 2.17 1.5x1072 2.33 6.10x 1072
50 K 2.15 2.9%1072 221 6.3x1072 2.79 1.39x 107!
100 K 2.13 2.5%1072 2.16 50%x1072 2.61 1.24x 107!
R3 b———— 130 240 410
500 K 2.08 2.2x1072 2.10 32x1072 2.35 8.80x 1072
1M 2.06 1.9x1072 2.07 2.6x1072 2.27 8.10x 1072
50 K 6.84 4.1x1072 7.06 6.5x1072 8.42 1.46x 107!
100 K 6.77 2.9%1072 6.91 5.1x1072 7.96 1.21x107!
R4 b———————1 110 250 380
500 K 6.61 2.1x1072 6.67 3.0x1072 7.28 7.90x 1072
1M 6.53 1.5x1072 6.58 2.5x1072 7.07 6.90x 1072
50 K 5.29 52x1072 5.45 9.4x1072 6.81 2.04x107!
100 K 5.18 4.6x1072 5.28 7.4x1072 6.29 1.73x 107!
R5 140 260 350
500 K 5.01 3.3x1072 5.04 4.1x1072 5.57 1.08x 107!
1M 4.94 2.5x1072 4.95 32x1072 5.34 8.70x 1072
50 K 2.48 4.1x1072 2.61 8.8x1072 3.29 2.08x 107!
100 K 2.47 3.4x1072 2.53 6.9x1072 3.05 1.70x 107!
R6 b—————1 150 250 350
500 K 2.40 2.7x1072 2.42 3.9%x1072 2.69 1.11x 107!
1M 2.37 23x1072 2.38 3.1x1072 2.57 0.90x 1072
50 K 1.98 3.3x1072 2.01 4.6x1072 3.04 1.70x 107!
100 K 1.96 23x1072 1.98 3.5x1072 2.89 1.50x 107!
R7 b——————— 190 230 560
500 K 1.93 1.7x1072 1.94 2.1x1072 2.47 1.40x 107!
1M 1.91 1.3x1072 1.92 1.6x1072 231 1.20x 107!
50 K 6.91 9.1x1072 7.18 9.3x1072 12.38 | 3.23x107!
100 K 6.71 7.2x1072 6.95 8.0x1072 11.54 | 2.51x107!
RS 260 340 560
500 K 6.39 55%1072 6.49 6.1x1072 9.49 2.09x 107!
1M 6.29 4.0x1072 6.32 5.1%x1072 8.61 1.85x 107!
50 K 4.64 2.3x1072 4.75 4.1x1072 6.16 2.03x107!
100 K 4.60 1.8x 1072 4.69 3.1x1072 5.92 1.36x 107!
R9 190 220 500
500 K 4.54 1.4x1072 4.58 2.0x1072 5.30 9.90x 1072
1M 4.51 0.9%1072 4.53 1.6x1072 5.06 7.40x 1072
50 K 2.34 2.6x1072 243 49%1072 3.54 1.65x 107!
100 K 2.27 2.0x1072 232 3.8x1072 2.98 1.38x 107!
R10 1130 230 510
500 K 2.25 1.7x1072 2.28 2.6x1072 2.78 1.07x107!
1M 2.21 1.2x1072 2.22 1.9x1072 2.53 8.30x1072

Table 3. Characteristic parameters of abnormal response of rock dielectric properties to temperature.

1

2

3)

Constraints from the clay-water system. Inter-sample differences in T , offer thermal-window clues for

bound-water desorption and the breakdown of interfacial polarization. R1, R3, R4, R6, and R9 (T ,25120°C)
indicate substantial low-temperature water loss and early microcrack extension; R8 (Tp’2z304°d) suggests
stronger water—clay coupling and a more developed interfacial-polarization network.
Role of the SiO,/quartz framework. The accelerated increase of ¢’ and ¢” in the high-temperature regime
and the relaxation peak near 500-560°C (T, ,) imply that framework-mineral thermal strain and the recon-
struction of conductive pathways modulate the dielectric spectra. The sharpness of the peak and the mag-
nitude of the increase can serve as indirect indicators of a “rigid, SiO,-rich framework + interfacial stress
accumulation.

Impact of porosity/connectivity. Room-temperature resistivity together with the low-frequency ¢’ (and its
temperature-driven increase) jointly reflect the initial conditions of bulk conduction and polarization path-
ways. For example, R8 exhibits the lowest room-temperature resistivity and the largest high-temperature,
low-frequency ¢’ increase—consistent with an end-member combining higher porosity (or connectivity)
and higher clay content; by contrast, samples such as R1/R9, with higher room-temperature resistivity and
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Fig. 15. Variation of tangent of dielectric loss of rock with temperature.

lower characteristic temperatures at the early stage of heating, are closer to the “dense-low-clay” end-mem-
ber.

Note: These are qualitative mineralogical inferences based on electrical observations, intended to place T,
T 5 Tes and the low-frequency responses of ¢'/e” within a unified “clay-SiO,-porosity-water” interpretive
framework. Independent mineralogical and pore-structure characterization (e.g., XRD/Rietveld, TG-DTA,
MIP/NMR) would be needed in follow-up work to quantify and validate the proposed links.

Scientific Reports|  (2026) 16:1246 | https://doi.org/10.1038/s41598-025-30831-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

SE3 . : : r : : :
¢ 100 M0 X0 40 S0 S0 T
Texp(“C)
(2) Rock type RS
cee2 | =— 30 k H —»— 50 k Hz
|+— 100 k Hz =82 o 100k Hz
| +— 30 k Hz —— 500 k Hz
2021 1M H: o2 1WHs
2 a2 oE 2
22021 Ei
2062
1.0E 2
1.0 2
o.0ei0 . . . . . 0.0E40 . . . . . . .
¢ 100 200 300 400 300 800 700 ¢ 100 200 300 400 300 M0 700
T mage ) T g ()
(9 Rock type RO (10} Rock type R10
Fig. 15. (continued)

Conclusion

This study shows that temperature not only changes the absolute values of resistivity and dielectric parameters,
but also restructures the underlying mechanisms of carrier transport and polarization, offering a new perspective
for geophysical exploration and engineering safety.

1

2

3)

(4)

Experiments on ten coal-measure surrounding-rock samples (30-700 °C, 50 kHz-1 MHz) indicate that the
apparent activation energy, E , of representative samples is about 0.29-1.01 eV, integrating the temperature
responses of electrical resistivity and dielectric spectra into a unified physical framework that links micro-
scopic carrier transport/polarization with macroscopic observables.

Resistivity exhibits a three-stage evolution with temperature—initial increase - rapid decrease > gentle
change—with sample-specific peak temperature T _, = 66-360 °C. As temperature rises to 700 °C, resistivity
decreases by 2-5 orders of magnitude overall. Dielectric parameters increase markedly after T, , and display
a loss-relaxation peak at Ts,3; with increasing frequency (50 kHz > 1 MHz), ¢’, ¢”, and tan 0 all decrease,
exhibiting typical dispersion.

Based on the “three stages—two thresholds—one peak” electrical-response signature, T _, delineates the
temperature window in which resistivity transitions from increasing to rapid collapse, and %5,3 characterizes
the window of strong polarization/reconfiguration of conduction pathways. This criterion can be directly
used to set thresholds and tune warning parameters for temperature correction in deep-resource electrical
methods and for online monitoring of thermal damage in mines.

Future work aimed at engineering applications (building on the present study) will focus on cross-scale
transition from the laboratory to the field: subsequent efforts should integrate confining pressure and ex-
tend the analysis to higher frequency bands (from RF to THz), explicitly couple water content/saturation
with real-time hydrodynamic processes, and establish coupled high-temperature-high-pressure-water ex-
periments. In combination with XRD/Rietveld, TG-DTA, and MIP/NMR techniques, these studies will
quantify the“mineral-pore-water”structural parameters, and implement inversion-experiment closed-loop
validation in underground and surface electrical observations.

Data availability
Data and other information can be obtained by contacting e-mail address 19335854441@163.com.
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