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ABSTRACT

We investigated the structural, vibrational, and electrical transport properties of natural kaolinite
and its high-pressure polymorphs by Raman scattering and electrical conductivity measurements at
293-673 K and up to 10.0 GPa using diamond-anvil cell. Upon compression, kaolinite underwent
two structural transitions from kaolinite I to kaolinite II to kaolinite III phases at pressures of 2.9 and
6.5 GPa, respectively, which was disclosed by the inflection point in the pressure-dependent Raman
shifts and electrical conductivity. Upon decompression, kaolinite I1I directly transformed to kaolinite [
at 0.8 GPa without the appearance of kaolinite II. Additionally, the influence of temperature on the
structural transformation of natural kaolinite was explored by high-temperature and high-pressure elec-
trical conductivity measurements and negative temperature-dependent transition pressure correlations
were obtained. A phase diagram of natural kaolinite was established for the first time and the kaolinite
I-kaolinite II and kaolinite II-kaolinite III phase transition boundaries were determined: P (GPa) =
4.298-0.00462 T (K) and P (GPa) = 8.895-0.00799 T (K), respectively. Furthermore, our acquired
phase diagram can be applied to understand the stability field of high-pressure polymorphs of kaolin-
ite in the Earth’s interior and may provide a phase transition model for other kaolin-group minerals.

Keywords: Natural kaolinite, Raman spectroscopy, electrical conductivity, phase diagram, high
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INTRODUCTION

As a representative hydrous kaolin-group mineral, kaolinite
[A1,Si,05(OH),] is widely distributed in the Earth’s surface and
outcrops in various geotectonic environments (e.g., hydrothermal
deposit, altered crustal rock, sedimentary basin, et al.) (Balan
et al. 2014; Schroeder and Erickson 2014). Kaolinite is a main
component of the oceanic sediment, with its highest content up
to 60% (Windom 1976). In addition, kaolinite was also found
as the important constituent of sediment in the subduction zone
of Earth’s mantle, implying that kaolinite has the potential to
migrate into the deep Earth interior (Butler and Frost 2006;
Sun et al. 2017). Previously available studies also reported that
kaolinite plays a crucial role in affecting the water cycle in the
deep interior of the Earth and triggering deep-focus volcanism
and earthquake (Johnston et al. 2002; Butler and Frost 2006;
Hwang et al. 2017). And thus, comprehensive research on the
physicochemical behavior for natural kaolinite at high tempera-
ture and high pressure is vital to understand its phase stability,
storage form, and migration mechanism in the Earth’s interior.

Previously available investigations on the phase stabilities
and structural transitions for kaolinite at high pressure were
performed by synchrotron X-ray diffraction, infrared spectros-
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copy, and first-principles theoretical calculations (Mercier and
Le Page 2009; Mercier et al. 2010; Welch and Crichton 2010;
Welch et al. 2012; Hwang et al. 2017). Two corresponding high-
pressure polymorphs of kaolinite have already been identified
as kaolinite II phase and kaolinite III phase. Recently, Hwang
et al. (2017) revealed that kaolinite I transformed to kaolinite 1T
phase in the pressure range of 3.0-4.0 GPa using synchrotron
X-ray diffraction at atmospheric temperature. With increasing
pressure, the new kaolinite I1I phase will appear between 6.0 and
7.0 GPa. Another pressure-induced phase transformation in the
natural kaolinite from the Keokuk County, U.S.A., was reported
by means of high-pressure synchrotron absorption infrared spec-
troscopy in transmission mode, and two corresponding transition
pressures were determined to be 3.2 and 7.3 GPa, respectively
(Welch et al. 2012).

As usual, Raman spectroscopy and electrical conductivity
measurements are applied to detect some subtle changes dur-
ing the pressure-induced structural phase transition. To the best
of our knowledge, Raman spectroscopy has been employed to
investigate the high-pressure phase transformation of dickite,
which is one of the polymorphs for kaolinite at ambient condi-
tions (Johnston et al. 2002). However, no related high-pressure
Raman scattering experiment about the structural transition of
natural kaolinite was available prior to our study. In regard to
the electrical conductivity measurements of kaolinite, previous
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studies primarily paid attention to its high-temperature electrical
transport behavior (Kozik et al. 1992; Trnovcova et al. 2007),
and no relevant high-pressure electrical conductivity experiments
have been performed. In addition, the influence of temperature
on the high-pressure structural transformations of natural ka-
olinite remains unknown. Therefore, a systematic investigation
on Raman scattering and electrical conductivity measurements
for natural kaolinite is essential at high temperature and high
pressure.

In this study, we report two phase transitions for natural
kaolinite at 293—-673 K and pressures up to 10.0 GPa using a
diamond-anvil cell in conjunction with Raman scattering and
alternating current (AC) complex impedance spectroscopy. At
each designated pressure condition, the temperature point of
phase transition is determined. Furthermore, a phase diagram of
natural kaolinite is established in a relatively wide temperature
and pressure range, and its possible geological implications are
also discussed in detail.

EXPERIMENTAL PROCEDURES

Sample preparation and characterization

The natural kaolinite sample used in the experiment was gathered from Nanshu
Diggings in Suzhou city, Jiangsu province, China. The initial bulk sample, which
is white (Fig. 1), was crushed and ground into micrometer-sized powders using
an agate mortar. To determine the crystal structure of the starting sample, X-ray
diffraction (XRD) was conducted with a X Pert Pro X-ray powder diffractometer
operating at an accelerating voltage of 45 kV and a beam current of 40 mA. The
XRD pattern was used to calculate the lattice constants of the starting sample by
Rietveld refinement as implemented in MDI Jade 6.5 software. Figure 1 shows
the XRD pattern of the starting sample, and our obtained XRD peaks are in good
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FiGuURE 1. Rietveld refinement of the diffraction pattern for starting
natural kaolinite. Inset: The optical microscope image and the calculated
lattice constants for the starting sample. The black open square stands
for the observed diffraction pattern and the red solid line represents the
calculated diffraction pattern, the blue line is the standardized diffraction
peak positions of kaolinite, and the green line below the patterns is the
deviation curve between the observed and calculated diffraction patterns.
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FIGURE 2. Representative FTIR spectra of the starting and recovered
samples within the wavenumber range of 30004000 cm™'.

agreement with triclinic kaolinite at ambient condition (space group: C1, JCPDS
n0.14-0164). The absence of traces of extra impurity lines in the X-ray diffraction
provides robust evidence for the high purity of this natural kaolinite. The lattice
constants of natural kaolinite were determined to be @ = 5.165 A, b = 8.949 A,
¢=7.382A,0=91.4°, $=105.2°,y=89.8° and V"= 330.7 A3, which are close to
the values in the International Centre for Diffraction Data (ICDD). To check the
hydroxyl stretching peaks of natural kaolinite, Fourier transform infrared (FTIR)
analysis for the starting sample and the recovered sample decompressed from the
highest pressure of 9.5 GPa was performed in the Key Laboratory of High-Tem-
perature and High-Pressure Study of the Earth’s Interior, Institute of Geochemistry,
Chinese Academy of Sciences, Guiyang, China. The FTIR absorption measurement
was carried out with unpolarized radiation from a tungsten light source, a MCT
detector with a 100 x 100 um aperture, and a CaF, beam splitter. The spectrum
was collected within the wavenumber range of 3000-4000 cm™ and with 512
scans accumulated for each sample. The representative FTIR spectra for the initial
and recovered samples are shown in Figure 2. Four evident characteristic peaks
for the initial sample were observed at 3617.5, 3652.2, 3669.5, and 3688.8 cm™!,
respectively, which is also close to the recovered sample at the peak positions of
3619.4,3650.3, 3667.6, and 3685.0 cm™!, respectively. All of them are consistent
with previous studies (Welch et al. 2012; Balan et al. 2014).

High-pressure Raman spectroscopy experiments

High-pressure Raman spectroscopy experiments were implemented through
a diamond-anvil cell (DAC) with the anvil culet of 300 um. A ruby single crystal
with a grain size of ~5 pm was chosen to calibrate the pressure by the shift of
the R1 fluorescence peak and the uncertainty of pressure calibration is <5%. In
this study, a mixture of methanol and ethanol (4:1 volume ratio) was used as the
pressure medium to provide hydrostatic conditions and no pressure medium was
adopted to create non-hydrostatic conditions. High-pressure Raman spectra were
performed using a Renishaw 2000 micro confocal Raman spectrometer equipped
with a near infrared (IR) 785 nm diode laser device. Raman spectra were gathered
within the wavenumber ranges of 100—-1000 and 3500-3800 cm' so as to identify
the lattice vibrational and hydroxyl stretching modes of kaolinite, respectively.
To avoid pressure fluctuations, an equilibration time of 15 min was maintained at
each predesigned pressure point. Furthermore, the positions of Raman peaks were
determined by fitting the Lorenz-type function using PeakFit software.

High-temperature and high-pressure electrical
conductivity measurements

The DAC having a couple of anvil culet of 300 um was utilized for high-tem-
perature and high-pressure electrical conductivity measurements. High temperature
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FIGURE 3. Raman spectra of natural kaolinite in the pressure range of 0.4-9.5 GPa during compression and the Raman spectrum of kaolinite
decompression to 1 atm under non-hydrostatic condition. In here, (a and b) the lattice vibrational mode (100—-1000 cm™) and (¢ and d) the hydroxyl

stretching mode (3500-3800 cm™), respectively.

was provided by two external electric resistance heating furnaces placed around the
diamond anvil and the temperature was monitored using a K-type thermocouple
with the error of £5 K. A T-301 stainless steel gasket was pre-indented into a
thickness of ~40 pum and later a 180 pm center hole was drilled by a laser drilling
machine. Subsequently, a mixture of boron nitride and epoxy powder was com-
pressed into the hole and another 100 um center hole was drilled as the insulating

sample chamber. The AC complex impedance spectroscopy measurements were
carried out by the two-electrode method using a Solartron-1260 impedance/gain
phase analyzer within the predetermined frequency range of 10”'-10” Hz and at a
signal voltage of 1.0 V. More detailed descriptions of the high-pressure experimental
technique and measurement procedures were reported elsewhere (Dai et al. 2016,
2017, 2018, 2019; Zhuang et al. 2017; Yang et al. 2021).
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FIGURE 4. Pressure dependence the Raman shift with increasing pressure for natural kaolinite under non-hydrostatic condition. In here, (a)
stands for the lattice vibrational mode (100-1000 cm™), (b) represents the hydroxyl stretching mode (3500-3800 cm™), respectively.

RESULTS AND DISCUSSION

Two phase transitions of natural kaolinite at room
temperature

High-pressure Raman spectroscopy was performed to inves-
tigate the vibrational property of natural kaolinite up to 9.5 GPa
at room temperature. As shown in Figure 3a, nine Raman-active
modes of natural kaolinite are observed within the wavenumber
range of 100—-1000 cm™ at the pressure of 0.4 GPa under non-
hydrostatic conditions. The sharp peak at 146.8 cm™' (denoted as
K1 mode in Fig. 3a) is the characteristic peak of kaolinite, which
can be ascribed to the O-Al-O symmetric bending mode. Four
Raman peaks at 337.8,402.4,473.6,and 517.2 cm™" (expressed as
K2, K3, K4, and K5 modes) are assigned to the O-Si-O bending
modes. The Raman peak at 644.2 cm™ (denoted as K6 mode)
is attributed to the AI-OH translational vibration. Two Raman
peaks at 710.9 and 759.9 cm™! (marked as K7, K8 modes) are
related to the hydroxyl translational vibration caused by the
flexing of O-Si-O bond. The Raman peak at 914.3 cm™! (denoted
as K9 mode) originates from the inner hydroxyl deformation.
At the same time, four representative hydroxyl stretching peaks
at 3622.0, 3659.9, 3670.0, and 3701.8 cm™ (denoted as K10,
K11, K12, and K13 modes in Fig. 3¢c) are detected within the
wavenumber range of 3500-3800 cm™'. The Raman peak at
3622.0 cm™! comes from the stretching vibration of the inner
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hydroxyl, whereas the other three Raman peaks are correspondent
to the inner surface hydroxyl stretching vibration. All of these
obtained Raman peaks coincide with prior studies (Frost 1995,
1997; Frost et al. 1999; Zhang et al. 2014; Samyn et al. 2015).

The pressure dependence of Raman shift (pressure coefficient,
dw/dP, in here, ® and P are the Raman shift and pressure, respec-
tively) and its corresponding fitting results for natural kaolinite
under non-hydrostatic conditions are displayed in Figure 4 and

TABLE 1. Pressure dependence of the Raman shift (dw/dP) (cm~' GPa™)
for natural kaolinite under non-hydrostatic condition

Pressure  w(m™)  dw/dP  w(m™) dw/dP  w(cm™) dw/dP
(GPa) (cm~'GPa™) (cm™' GPa™) (cm™' GPa™)
04-24 146.8 (K1) 5.79 644.2 (K6) 6.27 3659.9 (K11) -1.36
337.8(K2) 3.21 7109 (K7) 6.68 3670.0 (K12) -1.71
402.4 (K3) 7.32 759.9(K8) 3.58 3701.8(K13) -3.31
473.6 (K4) 261 9143 (K9) 5.14
517.2 (K5) 532 3622.0(K10) 6.40
3.1-6.4  159.1 (K1) 117 659.2 (K6) 0.059 3664.2 (K11) 6.74
346.2 (K2) 0.99 7246 (K7) 1.04 3670.7 (K12) 6.34
413.2 (K3) 6.34 764.5(K8) 2.15 3701.8(K13) 3.13
477.1 (K4) 0.98 9243 (K9) 1.09
530.1 (K5) 1.39 3635.1(K10) 1.90
6.9-9.5 165.3 (K1) 4.87 660.3 (K6) 10.16 3687.4 (K11) -
352.2(K2) 10.01 7315(K7) 1.86 3696.0 (K12) -
429.8 (K3) 7.7 777.0(K8) 2.79 3715.4(K13) -
480.7 (K4) 1.84 926.6 (K9) 1.12
535.9 (K5) 434 36439 (K10) 13.30
1

Note:In here, w (cm™') and P (GPa) are the Raman shift and pressure, respectively.

3
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Table 1. As seen from Figure 4a, all of the Raman peaks in the
lattice vibrational range (100-1000 ¢cm™) monotonously tend
to move toward higher wavenumbers with the rise of pressure.
However, we can distinguish three representative pressure re-
gions based on the variation of the pressure-dependent Raman
shift (dw/dP): from 0.4 to 2.4 GPa, from 3.1 to 6.4 GPa, and as
well as from 6.9 to 9.5 GPa, respectively. Below 3.1 GPa, K1,
K2, K5, and K6 modes move rapidly toward higher wavenumbers
with increasing pressure at 5.79, 3.21, 5.32, and 6.27 cm™ GPa!,
respectively. However, within the pressure range of 3.1-6.4 GPa,
relatively smaller pressure coefficients of 1.17, 0.99, 1.39, and
0.059 cm™' GPa™! are obtained for K1, K2, K5, and K6 modes,
respectively. When the pressure is higher than 6.9 GPa, K1, K2,
K5, and K6 modes shift toward higher wavenumbers with larger
pressure coefficients 0f4.87,10.01, 4.34, and 10.16 cm™ GPa™'.
In regard to the hydroxyl stretching modes (3500-38 000 cm™)
of natural kaolinite, below 3.1 GPa, the K10 mode shifts toward
ahigher wavenumber with a rapid rate of 6.40 cm™' GPa ™', while
K11, K12m and K13 modes show red shifts with the separate
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rates of —1.36,—1.71, and —3.31 cm™' GPa!. Within the pressure
range of 3.1-6.4 GPa, the K10 mode exhibits a blue shift with a
relatively lower rate of 1.90 cm™ GPa™!, whereas K11, K12, and
K13 modes change their pressure coefficients from negative to
positive and shift toward higher wavenumbers with higher rates
0f6.74, 6.34,and 3.13 cm™' GPa™', respectively. Above 6.9 GPa,
the K10 mode continuously shifts toward higher wavenumber
with a rapid rate of 13.30 cm™ GPa’!, while the remaining
Raman peaks of sample disappear. All of this above-mentioned
evidence, including the apparent discontinuity in pressure coef-
ficients for K1, K2, K5, K6, and K10 modes, the conversion of
pressure coefficients from negative to positive for K11, K12, and
K13 modes, and as well as the disappearance of K11, K12, and
K13 modes, disclose the occurrence of kaolinite I-kaolinite 11
and kaolinite II-kaolinite III structural transitions at 3.1 and
6.9 GPa, respectively. Upon further compression above 7.6 GPa,
the Raman peak intensity of the sample decreased significantly,
which may be caused by the destruction of the crystal structure
under high pressure (Laiglesia 1993; Galan et al. 2006). After
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FIGURE 5. (a—¢) Impedance spectra of natural kaolinite at the pressure range of 1.1-10.0 GPa and atmospheric temperature in the process of
compression. Z' and Z" are the real and imaginary parts of complex impedance, respectively. The equivalent circuit consisted of the series connection
of R;-CPE,; and R,-CPE,, (R, and CPE, represent the resistance and the constant phase element of grain interior, respectively; Ry, and CPE,, are
the resistance and the constant phase element of grain boundary, respectively). (d) Pressure-dependent electrical conductivity for natural kaolinite

during compression and decompression at atmospheric temperature.
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FIGURE 6. Representative complex impedance spectra of natural kaolinite at a pressure of 2.3 GPa and temperature ranges of (a) 293-333 K,

(b) 343-393 K, (¢) 413-473 K, and (d) 493-673 K, respectively.

quenching to ambient conditions, the obtained Raman spectros-
copy can be recovered to its initial state, which suggests a direct
structural transition from kaolinite III to kaolinite I phases. The
recoverability of kaolinite I phase after decompression to ambi-
ent conditions was also confirmed by our FTIR spectra results
(Fig. 2). As for the high-pressure Raman spectroscopy of natural
kaolinite under hydrostatic conditions (Online Material' Figs.
OM1 and OM2; Online Material' Table OM1), similar phase
transformation pressure points are acquired at 2.9 and 6.7 GPa,
respectively. And thus, the influence of different hydrostatic
environments on the pressures of phase transitions for natural
kaolinite can be ignored.

Representative Nyquist diagrams of the impedance spectros-
copy for natural kaolinite at atmospheric temperature during
compression are illustrated in Figures 5a—5c. The impedance
spectra exhibit an approximate semicircle within the high-
frequency regime and a low-frequency oblique line. To determine
the electrical resistance results from the impedance spectros-
copy data, each impedance semicircular arc of natural kaolinite
was simulated by an equivalent circuit composed of a parallel

American Mineralogist, vol. 107, 2022

resistor (R) and constant-phase element (CPE). All the fitting er-
rors were <5% of the electrical resistance. Figure 5d displays the
relation between electrical conductivity and pressure for natural
kaolinite in the processes of compression and decompression.
According to the pressure-dependent electrical conductivity
slopes, we divided the compression process into three diverse
pressure ranges. Below 2.9 GPa, the electrical conductivity of
sample enhances rapidly with increasing pressure at a rate of
0.40 S cm™ GPa'. However, an opposite pressure-dependent
electrical conductivity variation trend is detected within the pres-
sure range of 2.9-6.5 GPa. A notable discontinuity in electrical
conductivity at 2.9 GPa indicates the structural transformation
from kaolinite I to kaolinite II phases. On further compression
above 6.5 GPa, the electrical conductivity of sample increases
slightly with the rise of pressure at a rate 0f 0.025 S cm™ GPa™'.
The discontinuous change in electrical conductivity at 6.5 GPa
is consistent with our above-mentioned Raman scattering results
and can be attributed to the kaolinite II-kaolinite III phase transi-
tion. In the process of decompression, the negative dependence
of electrical conductivity on pressure at a rate of —=0.021 S cm™!
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GPa! is obtained above 0.8 GPa. As the pressure decreased
from 0.8 to 0.4 GPa, the logarithmic electrical conductivity
of sample increases from —1.99 to —1.78 S cm™'. An inflection
point in electrical conductivity at 0.8 GPa can be ascribed to the
direct structural transformation from kaolinite III to kaolinite I.

Two phase transitions of natural kaolinite at high
temperature

Temperature is an important factor in influencing the phase
transition pressure for some hydrous minerals and rocks (e.g.,
Ono 1998; Hu et al. 2017, 2018; Sun et al. 2017). To illustrate
the effect of temperature on the phase transition pressure of
kaolinite, a series of electrical conductivity measurements were
implemented at pressures of 1.7, 2.3, 4.0, 5.0, and 8.0 GPa and
temperature range of 293-673 K.

Representative impedance spectroscopy results of natural
kaolinite at 2.3 GPa and a temperature range of 293—-673 K
are shown in Figure 6. The relationship between logarithmic
electrical conductivity and reciprocal temperature for natural
kaolinite is displayed in Figure 7. At 293-333 K, the electrical
conductivity of kaolinite decreases with the rise of temperature.
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Previous thermogravimetric investigations have revealed that
kaolinite released physically bonded water (PBW, i.e., the polar
water molecules that are bonded to the surface of pores and defect
sites of crystals) in the temperature range of 293-338 K (Cheng
et al. 2010; Kubliha et al. 2017). Thus, our observed negative
temperature-dependent electrical conductivity correlation at
293-333 K is probably associated with the removal of PBW. In
the temperature ranges of 333-393 and 473673 K, the electrical
conductivity of sample increases with increasing temperature,
which can be ascribed to the increased mobility of charge carri-
ers at higher temperatures (Kozik et al. 1992; Trnovcova et al.
2007). However, we found that the electrical conductivity of
sample diminishes drastically, by about three orders of magni-
tude, at 393-473 K, which possibly results from the structural
transition from kaolinite I to kaolinite II phases. To verify the
hypothesis of the occurrence of a phase transition at 393-473 K
and 2.3 GPa, a new high-temperature electrical conductivity
measurement was carried out for kaolinite III at 8.0 GPa, as
shown in Figure 8. According to our high-pressure Raman
scattering results, no structural transformation was detected for
kaolinite IIT phase up to the highest pressure of 9.5 GPa. Besides,
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given pressure of 4.0 GPa and temperature ranges of (a) 293-333 K,

our obtained high-temperature electrical conductivity variation
tendency of kaolinite III is analogous to previously reported
results for kaolinite I where no structural transition occurred
(Kozik et al. 1992; Trnovcova et al. 2007). And thus, the same
electrical conductivity variation mechanisms may operate in the
high-pressure polymorph of kaolinite without a phase transition
(Kozik et al. 1992; Trnovcova et al. 2007) (i.e., the negative
temperature-dependent electrical conductivity relationship at
low temperature arises from the removal of PBW and the posi-
tive temperature-dependent electrical conductivity correlation
at middle and high-temperature regions is due to the increased
mobility of charge carriers). Therefore, kaolinite I1I provides a
reference of no phase transition for kaolinite I and kaolinite II.
We compared the electrical conductivity results at 2.3 GPa with
that at 8.0 GPa and found that the first drop of electrical conduc-
tivity occurs in approximately the same temperature range. In
the temperature range of 343-473 K, the electrical conductivity
of kaolinite III increases slightly with increasing temperature,
while a more rapid increase in electrical conductivity is detected
for kaolinite I at 333—393 K followed by a dramatic decrease at
393-473 K. When the temperature is higher than 473 K, both
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kaolinite I and kaolinite ITI show positive temperature-dependent
electrical conductivity relationships. Thus, we conclude that the
abnormal drop in electrical conductivity observed at 393-473 K
and 2.3 GPa is attributed to the kaolinite I-kaolinite II phase
transformation. Furthermore, the high-temperature electrical
conductivity result at 1.7 GPa is similar to that at 2.3 GPa, with
a significant decrease in electrical conductivity at 413-533 K
due to the appearance of kaolinite I1.

To elucidate the relationship between temperature and the
structural transition pressure of kaolinite II and kaolinite III,
electrical conductivity measurements were conducted at pres-
sures of 2.9-6.5 GPa and temperatures of 293—-673 K. Typical
Nyquist diagrams of kaolinite II phase measured at 4.0 GPa and
293-673 K are shown in Figure 9. The logarithmic electrical
conductivity of kaolinite II as a function of reciprocal temperature
is displayed in Figure 10. Comparing the high-temperature elec-
trical conductivity results of kaolinite II with that of kaolinite III,
an apparent decrease in electrical conductivity at 363—-573 K for
kaolinite II is observed and suggests the structural transformation
from kaolinite II to kaolinite III. At 5.0 GPa, a similar phenom-
enon of a remarkable decrease in electrical conductivity is also
detected in the temperature range of 373-533 K, which provides
a clear clue for the occurrence of kaolinite I1I. On the other hand,
by comparing the high-temperature electrical conductivity data at
different pressures, we found that the influence of temperature on
the electrical conductivity of kaolinite is much more pronounced
than that of pressure, which is consistent with previous studies
for hydrous silicate minerals and rocks (Hu et al. 2017, 2018).

On the basis of the phase transition pressures and tempera-
tures obtained from electrical conductivity measurements, we can
establish a P-T phase diagram for natural kaolinite in a relatively
wide pressure range from 1.7 to 6.5 GPa and temperature range
0f293-673 K, as displayed in Figure 11. According to the phase
diagram of natural kaolinite, the kaolinite I to kaolinite II and
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Fi1GuURE 10. Logarithmic electrical conductivity of kaolinite II as
a function of reciprocal temperature under the conditions of 4.0 GPa
and 293—673 K.
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FIGURE 11. Proposed P-T phase diagram of natural kaolinite
investigated at pressures up to 6.5 GPa and temperatures up to 673 K.
Blue and red solid lines represent the structural transition boundaries of
kaolinite I-kaolinite II and kaolinite II-kaolinite III phases, respectively.
The orange and green dashed lines stand for the cold and hot subduction
zones with the geothermal gradient of 5 and 10 K km™, respectively.

kaolinite II to kaolinite III phase transformation boundaries can
be described as P (GPa) = 4.298 — 0.00462 7T (K) and P (GPa)
= 8.895-0.00799 T (K), respectively.

IMPLICATIONS

Two different experimental methods have been applied to re-
search the structural transitions of natural kaolinite at higher tem-
peratures and pressures than prior studies and with broader P-T
coverage (Welch and Crichton 2010; Welch et al. 2012; Hwang
etal. 2017). The first quantitative functional relation describing
the phase transition temperature and pressure was established
for natural kaolinite under the conditions of 1.7-6.5 GPa and
293-673 K. Furthermore, the phase diagram of natural kaolinite
can be used to deeply understand its phase stability, storage form,
and migration mechanism in the Earth’s interior.

Based on the phase diagram of natural kaolinite, the stability
fields of high-pressure polytypes of kaolinite can occur along
cold and hot subduction zones (Chen et al. 2013). Along a typical
cold subduction path with a geothermal gradient of 5 K km™,
kaolinite I remains stable below 2.0 GPa or a depth of 60 km. At
depths greater than 60 km, kaolinite IT appears. However, along a
hot subduction path with the geothermal gradient of 10 K km™!,
kaolinite I remains stable at a shallower depth of about 40 km
than in a cold subduction zone. Kaolinite Il forms at depths
>40 km. Our results indicate that kaolinite II has the potential
to enter the mantle through both cold and hot subduction zones
and serves as a source of aluminum, silicon, and hydrogen to
the Earth’s interior.

It is well known that kaolin-group minerals share the same
structural units consisting of a [SiO,] tetrahedral and an [AlOq]
octahedral layer but differ in the stacking of layers (Balan et al.
2014). Furthermore, a similar layer slipping mechanism was
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found in the pressure-induced structural transition of dickite
along with kaolinite and appears to be a general high-pressure
transition mechanism among kaolin-group minerals (Dera et al.
2003). And thus, our phase diagram of natural kaolinite can be
regarded as a model system for other kaolin-group minerals.
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