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Key Points:

• Viscoelastic properties vary systematically among clay mineral
species

• The viscoelastic behavior of clay mineral system with liquid
phase depend on the degree of saturation

• Gradual changes from liquid-like to solid-like behavior are ob-
served as the equilibrium shear modulus increases with increas-
ing temperature and pressure

Abstract

We conducted dynamic viscoelastic measurements of three clay minerals in a
solid–liquid two-phase state: kaolinite, illite, and smectite with water. These
constituents of concentrated (dense) suspensions were investigated using a
high-temperature and high-pressure rheometer, to understand tectonic and
non-tectonic phenomena in the shallow part of a fault system, such as shallow
slow slip events in subduction zones, and landslides on fault or bed planes. We
observed shear strain rate dependencies of phase angles of both dynamic stress
and strain waveforms on the rheometer at varying temperature and pressure.
The pressure and temperature dependence of the viscoelastic properties of the
system can be qualitatively understood by applying the Zwanzig–Mountain
theory. The local packing fraction change owing to dynamic oscillations affects
the changing viscoelastic properties in systems such as shallow fault systems.

Plain Language Summary

In this study, the temperature and pressure dependence of viscoelastic proper-
ties of fluid-rich kaolinite, illite, and smectite in the presence of interparticle
friction was investigated as common clay mineral species on the earth surface.
The viscoelastic properties can be characterized by the relationship between the
stress waveform and the strain waveform. In this study, we observed oscilla-
tion strain and shear strain rate dependencies of phase angles of both dynamic
stress and strain waveforms on the rheometer at varying temperature and pres-
sure. The relationship between the grain-scale phenomena and the phenomena
occurring in the shallow part of the subduction zone and landslide, as tectonic
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and nontectonic phenomena, was discussed through the consideration of their
phase angle behavior.

1. Introduction

Recently, various tectonic and nontectonic phenomena associated with dynamic
strain such as body or surface waves of teleseism have been discovered at shal-
low plate boundaries and massif (e.g., Meunier et al., 2007; Wallace et al., 2012;
Wallace et al., 2017; Gou et al., 2019; Miyazawa et al., 2021). This is thought to
be due to the fact that dynamic strain can change the state of the ground (Van
Der Elst and Brodsky, 2010). Knowledge of the response and state of the con-
stituent materials of the crust to dynamic strain or shear response (Taylor and
Brodsky, 2019) is important to improve our understanding of dynamic strain–
related induced phenomena, such as shallow slow slip events (shallow SSEs), as
discussed by Wallace et al. (2017), or land slide (e.g., Yamagishi and Yamazaki,
2018).

The mode of occurrence of tectonic phenomena is thought to be strongly influ-
enced by the properties of nearby materials saturated with water, with respect
to dynamic strain (Aretusini et al., 2017). Also, the properties of clay minerals
under dry and wet conditions have been studied at various laboratory scales
(e.g., Saffer and Marone, 2003; Kubo and Katayama, 2015). Among them,
viscoelastic properties are considered to be strongly involved in the mode of
occurrence of tectonic phenomena such as slow earthquakes (Goswami and Bar-
bot, 2018). In addition, as shown by the samples collected by the International
Ocean Discovery Program (IODP) (e.g., Saffer et al., 2019), a high percentage
of fine-grained clay minerals are present in the shallow part of the continental
crust in a water-bearing system, as shown in Saffer et al. (2019). Systematic in-
vestigation of the viscoelastic properties of these clay minerals in a solid–liquid
two-phase state, especially their temperature and pressure dependence, is an
important approach from a material science perspective to develop models to
explain tectonic phenomena at shallow plate boundaries.

There are several examples of viscoelasticity measurements based on the as-
sumption of tectonic phenomena (e.g., Sumita and Manga, 2008; Namiki and
Tanaka, 2017). Dynamic viscoelasticity measurement based on the assumption
of linear viscoelasticity (Hyun et al., 2011) is a typical measurement method,
in which viscous, elastic, and viscoelastic materials are characterized using the
characteristics of the phase angle between the dynamic strain waveform and the
sensed stress waveform (there is also an inverse pattern of passive relationship)
corresponding to the viscoelastic properties of the sample (Fig. 1). Sumita
and Manga, for example, clarified the relationship between volume fraction and
relaxation time using a model material. More general examples of investigat-
ing the viscoelastic properties of grains include the research on the relationship
between osmotic pressure, volume fraction, and rheological parameters (𝐺′ and
𝐺″) (Evans and Lips, 1990), and the investigation of the effect of friction be-
tween solids on the rheological parameters (Shewan et al., 2021).
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There are, however, no examples of dynamic viscoelasticity measurements using
clay minerals as samples; accordingly, dynamic viscoelastic responses of clay
minerals, such as the relaxation process (in this case, phase angle) specific to
each clay mineral and their dependence on temperature and pressure are still
unknown. In this study, we investigate the correspondence between dynamic
strain and viscoelastic properties of clay minerals, in particular, for solid–liquid
two-phase systems. We attempted to clarify the viscoelastic properties of clay
minerals and their temperature and pressure dependence, by measuring repre-
sentative clay minerals using a high-temperature and high-pressure rheometer.
By quantitatively clarifying the viscoelastic properties of clay minerals, this
study will contribute to a better understanding of the mode of occurrence of
tectonic phenomena, especially the response to dynamic strain, at shallow plate
boundaries.

2. Theoretical background

The purpose of this study is to clarify the temperature and pressure dependence
of viscoelasticity in the case of a concentrated (dense) granular suspension sys-
tem of clay minerals. In general, the viscoelasticity, friction coefficient, and
stiffness of a concentrated suspension are affected by various parameters, in-
cluding pressure and liquid content (Boyer et al., 2011). The shear modulus of
a concentrated suspension with grain interactions can be described as follows
(e.g., Zwanzig and Mountain, 1965; Evans and Lips, 1990; van der Vaart et al.,
2013).

𝐺∞ = 𝜌𝑘𝐵𝑇 + (2𝜋𝜌2

15 ) ∫
∞

0
𝑔(𝑟) 𝑑

dr [𝑟4 (du(𝑟)
dr )]𝑑𝑟 … (1)

where 𝜌 is the number density of grains (∝ packing fraction 𝜙), 𝑘𝐵 is Boltz-
mann’s constant, 𝑇 is absolute temperature, 𝑔(𝑟) is the pair correlation function,
and 𝑢(𝑟) is the pair interaction potential. Implicit in Eq. (1), 𝑔(𝑟) and 𝑢(𝑟) ex-
press the strength of the interaction between grains in the relation with a center-
to-center distance 𝑟, and here we are considering the strength of the tangential
force generated when a deformable grain comes into contact with a neighboring
grain. 𝑔(𝑟) is considered to have arbitrary basis functions, as shown experimen-
tally in van der Vaart et al. (2013). Note that lim𝜌→0 𝐺∞(𝜌) = 0, where 𝐺∞
is the shear modulus of the system supported by the grain, and is commonly
referred to as the equilibrium shear modulus. 𝑢(𝑟) is derived analytically and
can be written as

𝑢(𝑟) = (32
15) 𝑑 1

2 (𝑑 − 𝑟
2)

5
2 𝐺𝑃 /(1 − 𝜎) … (2)

where 𝑑 is the diameter of the grain, 𝐺𝑔 is the shear modulus of the grain,
𝜎 is the stress corresponding to the Poisson’s ratio, and 𝐺𝑃 = 𝐸/[2(1 + 𝜎)].
Here, 𝐸 is the inherent Young ratio of the grain. In this case, because these
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functions are also functions of force or pressure (Hertzian relation), Eq. (1) can
be thought of as expressing the equilibrium shear modulus of the entire system,
which depends on temperature, pressure, and density. In order to express the
effect of pressure explicitly, we can consider the relationship between the bulk
modulus (𝐾∞) and Eq. (1). The relationships among pressure, equilibrium
shear modulus, and bulk modulus are not linearly independent as follows:

𝐾∞ = 5
8𝐺∞ + 2(𝑃 − 𝜌𝑘𝐵𝑇 ) … (3)

Next, we consider the relationship between the equilibrium shear modulus and
the phase angle (e.g., Berker, 2002). The relationship between the stress wave-
form 𝜎𝑤(𝑡), strain waveform 𝛾(𝑡), and equilibrium shear modulus can be de-
scribed as follows:

𝜎𝑤 (𝑡𝛿)
𝛾𝑐

= 𝜑(𝑡𝛿) + 𝐺∞ … (4)

𝜎𝑤(𝑡𝛿)
𝛾𝑐

corresponds to the relaxation modulus, which can be decomposed into the
relaxation function 𝜑(𝑡𝛿) and 𝐺∞, which behaves viscously. 𝛾𝑐 is the applied
constant strain. Here, the equilibrium shear modulus corresponds to the static
behavior; when 𝜑(𝑡𝛿) ≠ 0, Eq. (4) gives the relaxation modulus of an elastic
body with a relaxation time (𝑡𝛿). In dynamic viscoelasticity measurements, the
strain is sinusoidal and can be described as follows:

𝛾(𝑡) = 𝛾0𝑒i�t … (5)

where 𝛾0 is the maximum amplitude of the strain waveform (oscillation strain),
𝜔 is the oscillation frequency. Following Eqs. (4) and (5), 𝜎𝑤(𝑡), which has a
sinusoidal component that behaves viscously and a sinusoidal component that
behaves “solid-like” in dynamic viscoelasticity measurements, can be naturally
defined as follows:

𝜎𝑤(𝑡) ≡ 𝐺∞𝛾(𝑡) + 𝜎0𝑒𝑖(𝜔𝑡+𝛿) … (6)

Here, 𝜎0 is the maximum stress of the sensed stress waveform. The first term on
the right-hand side is the component with solid-like behavior that has no phase
angle, and the second term on the right-hand side is the component with viscous
behavior that has a phase angle, which is a specific description of the relaxation
function. Eqs. (5) and (6) and the complex modulus 𝐺∗, the relationship
between the measurement principle of dynamic viscoelasticity and equilibrium
shear modulus can be clearly described as follows:

𝐺∗ = 𝜎𝑤(𝑡)
𝛾(𝑡) = 𝐺∞ + (𝜎0

𝛾0
) 𝑒i� ≡ (𝐺∞ + 𝐺′) + 𝑖𝐺″ … (7)
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𝐺′ = (𝜎0
𝛾0

) 𝑐𝑜𝑠𝛿 … (8)

𝐺″ = (𝜎0
𝛾0

) 𝑠𝑖𝑛𝛿 … (9)

where 𝐺′ is the storage modulus, 𝐺″ is the loss modulus. In addition, the
relationship between the effect of pressure compaction and viscoelasticity can
also be captured by considering it via packing fraction, which is described in
detail in Mason et al. (1995). The packing fraction is also a function of velocity
(Srivastava et al., 2021), and can be written in the form of a power law as follows:

𝜙 = 𝜙0 − 𝑎 ∗ 𝐼𝑎2 … (10)

where 𝜙0 is the initial packing fraction and 𝐼 (inertial number) is defined as the
dimensionless shear rate as follows.

𝐼 = ̇𝛾𝑑
√𝑃/𝜌𝑔

… (11)

where ̇𝛾 is the shear strain rate and 𝜌𝑔 is the mass density of the grain. Given
that 𝜌 is the number density, and 𝜌 ≡ 𝑁/𝑉 using system volume 𝑉 and number
of grains in system 𝑁 , the packing fraction is related to 𝜌 as follows:

𝜌 ∝ 𝜙𝑁 … (12)

𝜙 = 𝑉𝑔/𝑉 … (13)

where 𝑉𝑔 is the total volume of grains in the system. In addition, there is an
empirical relationship between the total volume of grains and pressure as follows
(e.g., Panelli and Filho, 2001):

𝑉𝑔 = 1/(𝑏 ∗ ln 𝑃 + 𝑏2) … (14)

3. Experimental methodology

We used our own high-temperature and high-pressure rheometer assembly for
the measurements (Fig. 2). The rheometer used in this study is based on and
modified from a coaxial cylindrical rheometer (e.g., Webb et al., 2012). Liquid
pressurization is used to raise the pressure to avoid gas mixing with the sample
under high-pressure conditions, which would change the properties of the sample
(Koran and Dealy, 1999). We specified the oscillation frequency and maximum
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oscillation amplitude of the rotor, and measured the shear stress. The angular
frequency was set to 0.02 Hz. (This frequency is equivalent to the dominant
frequency of very low frequency earthquakes (e.g., Baba et al., 2020).) We used
a rotor with a cone angle of 15° and 𝑅 = 13 mm, and a high-pressure vessel
holding the sample with 𝐿 = 14 mm. The rotor was made of stainless steel (SUS)
with a smooth surface, and preliminary experiments confirmed that there was
no significant slip on the contact surface with the sample. Pressurization was
carried out using a pressurized pump with water as the medium. A Peltier
jacket and constant temperature bath were used to control the temperature and
provide sufficient soak time.

The following steps were taken to set up the sample as shown in Fig. 2 and
conduct the experiment: Step 1, a solid (clay mineral) sample was prepared
with water added to adjust the wt% of the solid; Step 2, the sample was placed
in a high-pressure vessel; Step 3, a rotor was inserted; Step 4, oil was injected
(pressure transfer medium: dioctyl sebacate (e.g., Muramoto et al., 2020)) into
the vessel; Step 5, the apparatus was repeatedly pressurized and depressurized to
release air; Step 6, the apparatus was pressurized and maintained at a constant
pressure; Step 7, a constant normal stress was maintained on the rotor; and Step
8, the temperature was set, and then the experiment was conducted. Because
the applied pressure (confining pressure) was sufficiently large compared to the
swelling pressure (e.g., Stucki et al., 2000), no significant noise due to the edge
effect was observed. Step 4 is a procedure to prevent the wt% adjusted in Step
1 from changing during the experiment. The normal stress set by the procedure
in Step 7 was successfully controlled with a deviation of <1%. In this study,
two main types of experiments were conducted. The first was an experiment
in which we swept the oscillation strain from 0 to 10%. The other was an
experiment in which the temperature was swept from 30 to 120°C. For kaolinite
(NaRiKa Corporation) and illite (Grüne Tonerde, Argiletz Laboratories), which
were used as samples, experiments were conducted with a wt% of 62.5%. For
smectite (Hayashi Pure Chemical Ind., Ltd.), experiments were conducted with
three wt% values: 15%, 20%, and 25%. Note that smectite has a higher water-
holding capacity than the other two clay minerals (e.g., Salles et al., 2010), so
the setting of the wt% value differed from the others.

4. Results

The results of the measurements of kaolinite and illite with fluid pressures of
3.45 MPa and 10.34 MPa showed that the phase angle was between 0 and 4°
within a range of 10% oscillation strain (Fig. 3). It can be seen that the phase
angle of both kaolinite and illite tended to be lower at higher pressures. In both
cases, as the oscillation strain increased, the phase angle tended to increase. It
is important to note that because we used a constant angular frequency for our
measurements, the oscillation strain (amplitude) is a function of shear strain
rate. In the case of kaolinite, the behavior was exponential, and in the case
of illite, the behavior was such that the phase angle hit its limit at around 2°.
In the case of low pressure for illite, a sharp increase in the phase angle was
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observed when the oscillation strain was between 1% and 3%.

For smectite, we compared the experimental results for three values of wt%
from 15% to 25% (Fig. 4). In the case of low pressure, the smaller the wt%,
the larger the phase angle tended to be. In the results for the same samples
under higher pressure, there was no significant difference between the samples
with different wt%. The overall trend (Figs. 3 and 4) was that the larger the
oscillation strain (or shear strain rate), the larger the phase angle tended to
be. This means that the larger the oscillation strain (or shear strain rate), the
softer, or more liquid-like the sample tends to be from hard, or solid-like state.
Although the wt% of smectite was smaller than that of kaolinite and illite, the
phase angle of smectite tended to be smaller than that of kaolinite and illite,
indicating that the sample was solid-like against dynamic strain.

The phase angle of kaolinite and illite tended to decrease as the temperature
increased (Fig. 5). In contrast, in the case of smectite, there were discontinuities
in the measured values between 20 and 25 wt%, and there was an inflection point
around 60°C (Fig. 6).

To better discuss the results of the experiments, we performed model calcu-
lations (Fig. 7) using Eqs. (3) and (10)–(14). In this calculation, the bulk
modulus was assumed to be constant. The shear strain rates were representa-
tive values (maximum velocity in every oscillation step) in the middle point of
rotor. Although the results vary greatly depending on the model parameters,
it was found that under the conditions shown in Fig. 7, the equilibrium shear
modulus varied ~20% within a range of ~10% of oscillation strain. The equilib-
rium shear modulus tended to increase with increasing pressure, the equilibrium
shear modulus tended to increase with increasing temperature, and the equilib-
rium shear modulus tended to decrease with swelling. These three points were
more pronounced at lower pressures.

5. Discussion

The result of this study, in which the phase angle decreased with increasing
temperature and pressure, is quite natural (Eqs. (1)–(14)). In terms of the
friction coefficient (or stiffness), it is known that the friction coefficient of various
clay minerals increases with temperature (e.g., Kubo and Katayama, 2015), and
empirical models such as the rate and state law (e.g., Ruina, 1983) also include
the effect of temperature (e.g., Frost and Ashby, 1982; Ruina, 1983). Although
the temperature dependence of clay minerals has been well studied in friction
experiments, this is the first time that the temperature and pressure dependence
of viscoelasticity of clay minerals has been revealed. Because the wt% was set
low and the fraction of liquid phase was very high in the case of using smectite,
the effect of the decrease in viscosity of the liquid phase with the increase of
temperature may be seen in the results. In other words, the tendency for the
phase angle to increase at temperatures up to 60°C may be attributed to the
decrease in the viscosity of the liquid phase. In addition, although kaolinite
and illite displayed a similar downward trend, the trend changed at 80°C and
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100°C for the 25% and 20% wt% cases. This may be due to the change in the
local packing fraction caused by the dehydration reaction associated with the
process of metamorphosis of smectite into illite (I/S metamorphism) (e.g., Du
et al., 2021). The time taken for the measurement (soak time) was almost same
for the three patterns, and the trend change occurred earlier for larger wt%,
which strongly suggests that local dehydration occurred. Experiments with a
wider range of temperature and pressure measurements may allow for better
comparison with previous studies of I/S metamorphism. This is a subject for
future work.

Wt% can be roughly read as volume fraction, and trend of our results is similar to
that of previous studies obtained with concentrated spherical suspensions (e.g.,
Shikata and Pearson, 1994). The results of the measurements with varying
wt% (Fig. 4 left) support the statement of Mason et al. (1995) and are in
accordance with Eqs. (1)–(3) (Zwanzig–Mountain theory) assuming that the
density decreases with local swelling (Eqs. (10)–(12)). The results measured
at 10.34 MPa were independent of wt%, suggesting that the effective packing
fraction may be saturated due to the large confining pressure (Deike et al., 2001).
The phenomenon of the phase angle increasing as the oscillation strain or shear
strain rate increases is in accordance with the change in the effective packing
fraction (Eq. (10)) and is also consistent with the framework of Mason et al
(1995) and Zwanzig–Mountain theory.

Next, we discuss the measurements obtained in this study in comparison with
the results of model calculations (Fig. 7) performed using Eqs. (3) and (10)–
(14). The results of the calculations support the measurements obtained in this
study. The equilibrium shear modulus tends to increase with increasing pres-
sure, the equilibrium shear modulus tends to increase with increasing tempera-
ture, and the equilibrium shear modulus tends to decrease with swelling. These
three points, which are more pronounced at lower pressures, are considered com-
plementary to the measurement results obtained in this study. Although the
complex modulus in this study cannot be calculated from the measurements
(note that it is different from the general complex modulus), the equilibrium
shear modulus and 𝐺′ in the form of Eq. (7) can be expressed as a solid-like
part, which suggests that the equilibrium shear modulus is a parameter that
cannot be ignored in dynamic viscoelasticity measurements. This suggests that
it is valid to discuss the measurement along the theoretical background we de-
scribed.

The temperature and pressure conditions implemented in this study correspond
to the shallow (~10 km) temperature and pressure conditions in the subduction
zone. In the case of shallow SSEs, which are representative of phenomena occur-
ring in such regions, it has been suggested that there are mechanical processes
involving fluid movement in the region where they occur (Warren-Smith et al.,
2019). The results of the present study may provide support for such a previ-
ous study. For example, the results of the present study, in which the elastic
weakens (the phase angle increases) as the shear strain rate increases, can be re-
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garded as a kind of weakening, which may be complementary to previous studies
on the mechanism of the relationship between velocity weakening and shallow
SSEs. In other words, systematic investigation of viscoelasticity of materials in
the form of the present study may be useful for the development of dynamical
modeling of SSEs or landslides with spatial contrast of viscoelasticity. Although
the wt% of smectite was smaller than that of kaolinite and illite, the phase angle
of smectite tended to be smaller than that of kaolinite and illite, indicating that
the sample was in a “stable” state against dynamic strain (Figs. 3 and 4). This
implies that the initial process of landslide triggered by earthquakes is material
dependent. For example, this study suggests that there is a material depen-
dence in the empirical models that relate the likelihood of landslide occurrence
to PGA (peak ground acceleration) and PGV (peak ground velocity). In other
cases, when considering the elastic weakening process (e.g., Jia et al., 2011) due
to dynamic strain in the shallow part of the subduction zone, the contribution
of elastic weakening of kaolinite and illite is considered to be larger than that
of smectite (under low temperature conditions). Under high-temperature con-
ditions, I/S metamorphism progresses and the proportion of kaolinite and illite
increases compared to that of smectite, suggesting that kaolinite is more domi-
nant in the elastic weakening process under high-temperature conditions more
severe than in Fig. 6. In addition, the knowledge of viscoelasticity depending
on the initial saturation (wt%) may be very important to consider the diffusion
process of fluid in the ground.

6. Conclusions

In this study, dynamic viscoelasticity measurements were carried out on three
clay minerals, kaolinite, illite, and smectite, using a custom-designed high-
temperature and high-pressure rheometer assembly, in order to clarify the tem-
perature and pressure dependence of their viscoelastic properties. As a result,
it was found that the phase angle depends on the amplitude of the oscillation
strain or the shear strain rate. The viscoelastic properties of the clay minerals
differ systematically among the minerals tested, and their temperature and pres-
sure dependence can be qualitatively explained by the Zwanzig–Mountain the-
ory. The differences between minerals may be due to differences in microscopic
mechanisms, such as atomic-scale thermally active processes, which cannot be
discussed deeply from macroscopic measurements as in this study. Although the
temperature and pressure conditions implemented in this study are very limited,
we expect to obtain results that can be used for more useful discussion when we
conduct experiments under a wider range of conditions. Further measurements
over a wider temperature and pressure range will be necessary to provide a
complete picture with appropriate modeling using appropriate approximations.
We hope that this study will be a very useful starting point for understanding
the viscoelastic processes in the earth science phenomena.
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Figure captions:

Figure 1.

1. Stress and strain profiles of elastic, viscoelastic, and viscous materials.

2. Various materials characterized by strain and stress waveforms: diagrams
of a simple lattice model and graphs of measured values (�: phase angle)

Figure 2.

Experimental system configuration

Figure 3.

Phase angle as a function of oscillation strain and shear strain rate for kaolinite
(wt% = 62.5%), illite (wt% = 62.5%) and smectite (wt% = 15%) measured at
3.45 MPa (orange) and 10.34 MPa (green)

Figure 4.

Phase angle as a function of oscillation strain and shear strain rate for smectite
with different wt% at 3.45 MPa (orange) and 10.34 MPa (green)

Figure 5.

Phase angle as a function of temperature for kaolinite and illite (wt% = 62.5%)

Figure 6.

Phase angle as a function of temperature for smectite with different wt%

Figure 7.
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Equilibrium shear modulus as a function of oscillation strain and shear strain
rate for comparison with different pressure and temperature as the result of
model calculation using Eqs. (3), (10) – (14). 𝜌𝑔 = 2650 𝑘𝑔/𝑚3, 𝑑 = 4 �m,
𝐾∞ = 5.0∗109 Pa, 𝑎 = 2.0∗108, 𝑎2 = 1.04, 𝑏 = 1.0∗104 and 𝑏2 = 8.0∗106 were
used as the parameters in the model calculation. 𝑁 was treated as a parameter
that can take on arbitrary values, and we set 𝑁 ∗ 𝑘𝐵 ≅ 1.

Fig. 1
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Fig. 6
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