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ABSTRACT: Kaolinite (ALSi,Os(OH),) is produced by weathering of continental rocks and is an important constituent of
terrigenous sediment flux in subduction zone. It helps in transporting water into the Earth’s interior. Kaolinite consists of a layer of
silicate tetrahedral (Tet) sheet and a layer of octahedral (Oct) sheet. There are two distinct crystallographic environments for
protons: an inner hydroxyl group and an inner surface hydroxyl group that holds together adjacent Tet-Oct layers by hydrogen
bonds. We investigate the high-pressure behavior of these two distinct proton environments upon compression up to 9 GPa using a
diamond anvil cell and Raman spectroscopy. Upon compression, the hydroxyl stretching region exhibits major changes as kaolinite
transitions from the low pressure phase K-I to the intermediate pressure phase K-II at ~2.9 GPa, and the intermediate pressure
phase K-II to the high-pressure phase K-III at ~6.1 GPa. These are associated with significant changes in the pressure dependence of
the hydroxyl modes, thus reflecting the changes in the hydrogen bonding environment (O-H--O) between the adjacent Tet-Oct:-

Tet layers. The K-I phase exhibits strengthening of hydrogen bonds between the Tet-Oct---Tet layers, i.e., d;(;H < 0. The K-II phase
exhibits significantly reduced hydrogen bond strength between the Tet-Oct---Tet layers, i.e., dﬁ“ > 0. Based on the static DAC

results, we hypothesize that, owing to the reduced strength of hydrogen bonding in the interlayer region of the K-II phase, it acts as a
precursor for the super-hydrated kaolinite, where water molecules are intercalated in the interlayers of the K-II phase. To test this
hypothesis, we conducted high pressure (P)-temperature (T) experiments with kaolinite and water at conditions relevant to the
subduction zones. We explored up to a maximum pressure of ~4.5 GPa and temperatures up to ~350 °C. Irrespective of the P-T
path undertaken, i.e., compression followed by heating or heating followed by compression, upon cooling “kaolinite + water”, we
found the appearance of new vibrational modes at ~3550 and 3650 cm™'. These new vibrational modes are related to the
intercalated water molecules in the super-hydrated kaolinite. This super-hydrated kaolinite phase is likely to subduct significantly
more water than the K-I phase.

KEYWORDS: high pressure, kaolinite, super-hydrated kaolinite, hydrogen bond, Raman spectroscopy, diamond anvil cell (DAC),
hydrothermal diamond anvil cell (HDAC) subduction zone

B INTRODUCTION

Interaction of the hydrosphere with the continental crust is

manifested in weathered rocks and minerals, composed Received: December 20, 2020
primarily of layered hydrous silicates including clays. For Revised:  February 12, 2021
instance, the average mineralogical composition of the Accepted: February 19, 2021
continental crust near the surface can be assumed to be albite Published: March 12, 2021
(NaAlSi;Og), which weathers to layered silicates such as

kaolinite (Al,Si,O(OH),)."” It is estimated that, on an annual
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Figure 1. Plot shows the X-ray diffraction pattern for kaolinite clays for (a) low defect (LD) kaolinite from West Georgia, (b) commercially obtained
sample from Sigma Aldrich (SA), and (c) high defect (HD) kaolinite from West Georgia. Based on XRD results, we determined the Hinckley index
(H,), where A and B refers to the intensity from 110 and 11T reflection, respectively. The intensity is measured with respect to the inter-peak
background. In contrast, A, refers to the intensity of 110 reflection, measured from the general background. Inset shows the corresponding scanning
electron microscopy images. A lower H; for the HD sample, ~0.3, is explained by a rather poor crystallinity of the sample. Also shown are the Raman
spectra of the hydroxyl stretching region between 3550 and 3750 cm™". (d) LD kaolinite from West Georgia, (e) SA kaolinite, and (f) HD kaolinite
from West Georgia. The laser power used for all the Raman spectra for all the samples, i.e., LD, SA, and HD, shown in this figure was <5%. The v, mode
corresponds to “inner hydroxyl” and v; (i = 2 — S) corresponds to the “inner surface” hydroxyl group.

basis, around 2 X 10" kg of weathered crustal rocks from the
continents are transported to the ocean basins.” Although it is
predicted that the abundance of kaolinite (~7.8 wt % water)
varies between S and 60% in oceanic sediments,”” the sediment
may also contain other layered hydrous silicates with water
contents between 12 and 14%. This would mean that the
sediments in the ocean basin are capable of subducting (1.5—
2.6) X 10'* kg/yr of water. Estimates based on deep-sea drilling
have also shown that the amount of sediment that is subducted is
of the order of (1-2) X 10'* kg/ yr.6 In this estimated sediment
mass, the terrigenous sediments constitute the major portion
and the contribution from carbonate is rather minor.” Thus, it is
estimated that ~1 X 10'* kg/yr of water locked in the layered
hydrous silicates could be subducted.” It is very likely that a
portion of the subducted water is lost back to the surface via
island arc volcanism, and the remaining portion of the water is
subducted further into the deep Earth. The net water
contribution from the hydrated oceanic crust is estimated to
be greater than the contributions from the layered hydrous
minerals in the subducted sediments and altered continental
crustal components.® The layered hydrous silicates stabilized in
more mafic compositions have limited thermal stability.” In
contrast, the hydrous phases stabilized in alumina and silica-rich
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lithology as in ALO;-SiO,-H,0 (ASH) ternary often have
greater thermal stability and hence, although volumetrically
minor, may provide an effective mechanism of transporting
water into the deep Earth in warmer subduction zones."’

Thus, it is apparent that understanding the high-pressure
behavior, in particular, the elastic and thermodynamic properties
of layered hydrous silicates, is quite important for our
understanding of how water is transported into the deep
Earth. So far, significant research has been conducted to better
understand the structure and the atomistic scale evolution of the
structure of kaolinite and its polymorphs,''~*° which in turn
influences the thermoelastic properties.'”*

In a recent study, pressure-induced hydration has been
observed in a natural sample of kaolinite and its polymorph
using synchrotron X-rays and infrared spectroscopy at pressures
and temperatures relevant for subduction zones.”"”” While
intercalation in layered hydrous silicates and clays have received
considerable attention, this recent study is one of the first reports
of such intercalation in kaolinite at high pressures and
temperatures. A key question is, if the adjacent T:O layers of
layered hydrous silicate are held by a weak hydrogen bond, then
at high pressures, it is expected that the hydrogen bonds are
strengthened since it is well known that compression in layered

https://dx.doi.org/10.1021/acsearthspacechem.0c00349
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hydrous silicates are very anisotropic, i.e., the compression of the
basal layer is significantly greater compared to other directions.
If so, the pressure-induced hydration in the basal layer is rather
counterintuitive.

To better understand this issue, we explore the high-pressure
behavior of kaolinite with a special emphasis on how pressure
might influence the behavior of protons, pressure dependence of
hydrogen bonding, and how that might aid pressure-induced
hydration. We also explore the intercalation of water in kaolinite
at high pressure and temperature conditions along different P—
T pathways.

B METHOD

To examine the high-pressure—temperature behavior of
kaolinite using Raman spectroscopy, we have examined three
kaolinite samples: a “high-defect” (HD) and a “low-defect”
(LD) kaolinite from Warren County, GA, and a sample obtained
from Sigma Aldrich (SA). The Warren County kaolinite samples
were obtained from Source Clays Repository, Clay Mineral
Society. At ambient P—T, we characterized the HD, LD, and SA
samples using a Rigaku Smart Lab X-ray diffractometer with a
copper (Cu) source (4 = 1.54 A), 40 kV of voltage, and 30 mA.
We have collected Raman spectra using a Horiba Jobin Yvon
LabRam HR Evolution spectrometer. The spectrometer uses a
thermoelectrically cooled CCD detector with a ~2 cm™" spectral
resolution. In the Raman spectrometer setup, the samples were
excited using a 532 nm laser from a frequency-doubled Nd-YAG
lasing crystal with a maximum power output of 300 mW. We
used a long working distance 50X objective lens and 1800 lines/
mm grating. At ambient conditions, we explored the high-energy
region dominated by hydroxyl (O—H) stretching between 3400
and 3800 cm™' for SA, LD, and HD kaolinite samples. In
comparison to the LD and SA kaolinite samples, which had five
well-defined modes in the O—H stretching region, the HD
kaolinite exhibited poorly defined modes, which are likely due to
the low degree of order and poor crystallinity as reflected in X-
ray diffraction (XRD) and back-scattered electron (BSE) images
(Figure 1). The degree of disorder in clays are often
characterized by the Hinckley index (H,)***" defined as:

H, = %, where A and B refers to the intensity from 110
t

and 111 reflection, respectively. The intensity is measured with
respect to the inter-peak background. In contrast, A, refers to the
intensity of the 110 reflection, measured from the general
background (Figure 1). The Hinckley index, H; often ranges
between 1.44 and 0.18, with values lower than 0.43 representing
kaolinite samples with a higher proportion of defects and a
higher value of H; representing well-ordered defect-free
samples.”> We find that the H, for the LD and SA kaolinite
samples to be 1.02 and 1.33, respectively. Both LD and SA
represent well-ordered samples in agreement with previous
studies.””** In contrast, we find that H; for the HD sample is
~0.23, indicating a rather poor crystallinity. We also
supplemented XRD data by collecting back-scattered electron
(BSE) images using a scanning electron microscope (SEM)
(Figure 1). We used an FEI Nova 400 NanoSEM with an
operational voltage of 5.0 kV and a working distance of ~5.0
mm. The BSE images indicate a good layer stacking and
crystallinity of SA and LD kaolinite samples, corroborating with
the higher H; determined from the XRD measurements. In
contrast, at a similar higher magnification, the HD kaolinite
samples did not exhibit stacked layering (Figure 1).
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To explore the effect of laser power, we collected the Raman
spectra of the LD and SA samples at ambient conditions by
increasing the laser power in incremental steps. We collected the
Raman spectra at ambient conditions, in two distinct settings:
(1) the powder sample pressed on a glass slide and (2) the
sample confined inside a diamond anvil cell gasket chamber with
the pressure cell just locked by its weight (Supporting
Information, Figures SF1—SF4). Based on the effect of laser
power on the sample, we selected 30 mW, i.e., 10% laser power,
at the source for acquiring Raman spectra. We kept the laser
power constant throughout the high-pressure measurements.
To understand the effect of laser power on the Raman spectrum,
we have also collected a temperature-dependent Raman
spectrum of LD and SA samples from 350 K down to 90 K
using a Linkam THMS 600 stage with a quartz window. The
Linkam THMS 600 stage was cooled with a constant flow of
liquid nitrogen (N,). For the low-temperature measurements,
we used a laser power of 0.1%. We also performed a test with
varying laser power on the sample in the Linkam THMS 600
stage and noted that the quartz window did not absorb the laser
(Supporting Information, Figures SFSand SF6).

Due to the poor crystalline quality of the HD kaolinite and low
H; (~0.23), we did not explore the HD sample any further. We
explored the LD and SA kaolinite samples at high pressures for
static compression. We used a symmetrical diamond anvil cell
(DAC) for the high-pressure measurements. In the symmetric
DAC, we used two low fluorescence diamonds with a culet size
of 300 pm. We used a 150 pym thick stainless-steel gasket to
contain the kaolinite sample. We pre-indented the stainless-steel
gasket to 50 um in thickness. We used an Almax—Boehler y-
driller to drill a sample cavity of 100 y#m in diameter at the center
of the pre-indented gasket. We collected Raman spectra up to
~9 GPa, i.e., well within the hydrostatic limit of a 4:1 methanol—
ethanol mixture, which was used as pressure media.”>*® We used
the ruby fluorescence line for the pressure calibration” with an
error of +0.1 GPa. To understand the mechanism of
intercalation of water, we loaded LD kaolinite in a hydrothermal
diamond anvil cell (HDAC).”** For the high pressure and
temperature experiments using HDAC, we used a pair of low-
fluorescence diamonds with a culet size of ~500 ym. The low
fluorescence diamonds were hosted in a tungsten carbide (WC)
seat. To resistively heat the sample chamber, we used a
molybdenum (Mo) wire coiled around the tungsten carbide
(WC) seats. We measured the temperature using two K-type
thermocouples attached to the diamonds and close to the
sample chamber. We programmed the power delivered to the
upper and the lower heater molybdenum coils by using an
integrated power controller from PES Enterprise. The variation
in the temperature between the upper and lower diamond and
the set temperature was <+1 °C during the heating and cooling
cycles. The maximum temperature reached in the present set of
experiments was 350 °C. We loaded the sample chamber with
micron-sized ruby grains for pressure calibration during high-
pressure and temperature experiments. We placed the ruby
grains at a distance from the kaolinite inside the sample chamber
so that the intense ruby fluorescence did not interfere with the
Raman signal from the kaolinite and water. We flushed the cell
with an argon (98%)— hydrogen (2%) gas mixture to prevent
the diamond and the heater wire from oxidation. The absorbed
moisture, if any, in kaolinite was removed by placing the sample
overnight in an oven at ~100 °C. To load the sample in the
hydrothermal diamond anvil cell (HDAC), we compressed the
powdered kaolinite sample between two diamonds to create a

https://dx.doi.org/10.1021/acsearthspacechem.0c00349
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Figure 2. Crystal structure of kaolinite (a) projected down a axis, i.e., showing the b—c plane, and (b) projected down c* axis showing the octahedral
layer and the overlying tetrahedral layer joined by hydrogen-bonded pairs. The crystal structure of kaolinite consists of a tetrahedral layer attached with
an octahedral layer (T-O) attached to the adjacent tetrahedral layer by weak hydrogen bonds (denoted by dashed gray lines). The position of the
hydrogen atoms (denoted by light pink spheres, H1, H2, H3, and H4), silicon atoms (denoted by dark blue spheres, Sil and Si2), aluminum atoms
(denoted by light blue spheres, All and Al2), and the oxygen atoms (denoted by red spheres) are from a crystal structure refinement study.'*

thin flake (~10—20 ym in thickness) and added a small drop of
water using a micro-syringe. We used HPLC grade water in all
the HDAC experiments. A slow stream of compressed air was
used to cool the objective lens.

B RESULTS

Hydroxyl Stretching Region at Ambient Conditions.
To understand the Raman spectra of hydroxyl stretching region
for kaolinite, it is useful to relate the spectra with the crystal
structure of kaolinite. The crystal structure of kaolinite consists
of a silicate tetrahedral (T) layer attached to an octahedral (O)
layer (Figure 2). In the tetrahedral layers, silicate tetrahedral
units are arranged to form six-membered di-trigonal rings'****"
with a fundamental repeat unit of [Si,O5]*". The fundamental
unit of the octahedral layer consists of two trivalent aluminum
ions (A**), ie., di-octahedral layer, with a stoichiometry of
gibbsite Al(OH),;. The adjacent tetrahedral and octahedral
layers are held together with weak hydrogen bonds. Neutron
diffraction studies at low temperatures (~1.5 K) have revealed
four crystallographically distinct hydrogen positions."* One of
the hydroxyl vectors [Oh1-H1] is oriented near parallel to the
(001) layer, and the hydrogen atom (H1) is located in the di-
octahedral cavity often referred to as the “inner hydroxyl”
(Figure 2). The typical bond distance for [Oh1-H1] at ambient
conditions is ~0.974 A."*'” The other three hydroxyl vectors,
i.e, [Oh2-H2, Oh3-H3, and Oh4-H4] are near perpendicular to
the (001) layer. Also, these three hydroxyl vectors form a weak
hydrogen bond between the octahedral layer and the adjacent
basal oxygen atoms of the tetrahedral layer. These three
hydroxyl vectors are often referred to as the “inner surface” or
“outer” hydroxyl group (Figure 2). The hydroxyl bond distance
and angle involving the Oh2-H2-:--O4 hydrogen-bonded pairs at
low-temperature conditions are Oh2-H2 = 0.982 A; H2-+--04 ~
2.145 A, Oh2--+O4 ~ 3.087 A, and the angle Oh2-H2 makes
with the (001) plane is ~73.16°.'*"” The hydroxyl bond
distance and angle involving the Oh3-H3----O3 hydrogen-
bonded pairs at ambient condition are Oh3-H3 =~ 0.976 A;
H3--03 = 2.039 A, Oh3---O3 ~ 2.980 A, and the angle Oh3-
H3 makes with the (001) plane is ~68.24°."*"” The hydroxyl
bond distance and angle involving the Oh4-H(4)---O(S)
hydrogen-bonded pairs at ambient condition are Oh4-H4 =
0.975 A; H4----05 = 2.041 A, Oh4----05 = 2.945 A, and the
angle Oh4-H4 makes with the (001) plane is ~60.28°." "7
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We note that, at ambient conditions, the Raman spectra for
the hydroxyl stretching region for LD kaolinite reveal five
distinct modes located at 3620 cm™ (v,), 3653 (v,), 3667 (v3),
3690 (v,), and 3698 (vs) (Figure 1 and Table 1). The Raman
spectra of SA kaolinite is also characterized by five distinct
modes located at 3620 cm™ (1), 3655 (v,), 3670 (v3), 3691
(vy), and 3699 (v5) (Figure 1 and Table 1). In an idealized
crystal structure of kaolinite, the four unique OH groups, i.e.,

Table 1. Deconvoluted Peak Positions, Widths, and Relative
Intensities of the OH-Stretching Modes from the Collected
Raman Spectra of Three Kaolinites: LD, SA, and Keokuk”

position [cm™] FWHM [cm™] relative intensity [%]
LD
3620 4.0 48.7
3653 7.3 3.6
3667 14.1 7.0
3690 13.8 7.2
3698 11.8 33.5
SA
3620 4.4 46.4
3655 19.3 13.7
3670 7.5 2.5
3691 17.0 14.6
3699 9.8 22.8
HD
3621 1.0 56
3696 1.0 44
Dry KGa-1 kaolinite
3621 5.6 25.2
3652 143 10.1
3668 7.9 4.2
3688 13.6 27.0
3696 12.5 33.5
Dry Mesa Alta kaolinite'®
3621 S.1 22.8
3652 11.3 10.4
3668 9.1 5.3
3686 13.5 34.9
3696 12.8 26.7

“The present data are compared to previously obtained values."®

https://dx.doi.org/10.1021/acsearthspacechem.0c00349
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Figure 3. Plot shows a stack of pressure-dependent Raman spectra of the hydroxyl stretching region (~3550—3800 cm™") of LD kaolinite and SA
kaolinite. For the evolution of modes upon compression, refer to Supporting Information, Figure SF7.
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Figure 4. Raman spectra of the hydroxyl stretching region for LD kaolinite at ambient conditions show five distinct peaks at 3620 cm™" (v,), 3653 cm™
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1

(1,), 3667 cm™ (v3), 3690 cm™" (v,), and 3698 cm™ (u5); at 3.2 GPa, five distinct peaks at 3618 cm™ (v,), 3626 cm™ (1), 3658 cm™ (v3), 3687
em™ (v,), and 3694 cm™! (v5); and at 8.5 GPa, four distinct peaks at 3590 cm™ (v;), 3650 cm™ (v,), 3668 cm™ (v3), and 3679 cm™" (v,). For the SA
kaolinite sample at similar conditions, refer to Supporting Information, Figure SF8.

Ohl-H1, Oh2-H2, Oh3-H3, and Oh4-H4,'*"" are likely to
produce four distinct OH stretching frequencies. Infrared
spectroscopic studies have shown four distinct O—H stretching
modes that are related to these distinct hydroxyl environ-
ments.'***7** The assignment of the OH modes with the
independent hydroxyl group is consistent with theoretical
predictions based on density functional theory.”

838

The lowest energy mode v, corresponds to the vibration
associated with the “inner hydroxyl” group, ie, [Ohl-HI1]
(Figure 2). The higher energy O—H stretching modes (v, v,
and v;) are related to the “inner surface” hydroxyls. These three
higher energy O—H stretching modes have been often assigned
to the coupled symmetric and asymmetric vibrational motions

”

related to the “inner surface” hydroxyls.""*> However, these

https://dx.doi.org/10.1021/acsearthspacechem.0c00349
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Figure S. Plot of the pressure dependence of the peak positions and the full width at half maxima of the OH stretching modes of LD (filled light blue
circles) and SA (open gray circles) kaolinite obtained by deconvolution of the spectra at all the pressures explored in this study. Three distinct phases of
kaolinite are evident, low-pressure K-I followed by high-pressure phases identified as K-II and K-III at pressures of ~2.9 and 6.5 GPa, respectively. The
K-I to K-IT and K-II to K-III transitions are shown with gray shadings. The minima in the v, and v5 mode frequency in the K-II phase is represented by
an asterisk.

Table 2. Pressure Dependence of the Hydroxyl Vibrational Modes in Kaolinite and Coefficients of Polynomial Expansions”

i vi(P) ov(P) v{(P) ov;(P) v/ (P) ov{(P) I'(P) ol'(P) Ii(P) oli(P) 7 (P) ol (P)
K-1 kaolinite
1 3620.1 0.05 -3.16 0.11 0.58 0.04 4.18 0.05 1.27 0.11 —0.30 0.04
2 36523 222 -1.76 4.18 —2.86 1.33 11.17 2.22 22.35 4.18 —7.64 1.33
3 3669.5 2.54 —7.44 3.31 1.01 0.96 7.74 2.54 1.55 331 1.24 0.96
4 3690.2 1.48 —=5.21 2.40 1.47 0.77 11.00 1.48 6.77 2.40 —1.54 0.77
S 3697.9 0.70 -1.74 1.15 0.43 0.39 9.92 0.70 4.14 1.15 —1.13 0.39
K-II kaolinite
1 3616.9 0.60 4.02 1.30 —0.18 0.46 6.93 0.60 —-0.32 1.30 1.75 0.46
2 3627.8 0.15 4.44 0.21 0.01 0.07 5.73 0.15 2.98 0.21 —0.48 0.07
3 3655.8 1.04 0.90 1.46 1.39 0.43 18.15 1.04 2.95 1.46 —-1.01 0.43
4 3691.9 1.97 —9.75 3.97 4.35 1.75 18.93 1.97 7.72 3.97 —5.58 1.75
S 3703.2 1.53 —-0.38 1.57 0.79 0.37 18.50 1.53 3.19 1.57 -0.70 0.37
K-1II kaolinite
1 3592.2 11.80 3.40 17.00 —-1.98 5.70 41.55 5.29 —33.83 7.68 11.67 2.64
2 3642.0 1.46 7.38 5.77 —2.47 3.10 12.20 0.71 6.94 1.38 2.49 1.13
3 3656.0 2.45 7.17 3.64 —-0.40 1.28 6.80 2.45 3.63 3.64 -1.13 1.28
S 37123 4.61 5.30 8.41 -5.38 3.53 19.23 4.61 18.02 8.41 —-5.82 3.53

«.»

“Note: Subscript “i” refers to the vibrational modes 1—5 for K-I, K-II, and K-IIL. The pressure dependence of the modes is described by a
polynomial expansion of the form v,(P,) + V(P — P,y) + " (P — P,o)% where v/; and v”; refers to the first derivative, %, and second derivative,
2.

jPD{ , respectively. Similarly, the full width at half maxima for each mode (I7;) is described by a polynomial expansion of the form I',(P,) + I'',(P —

121
P + T (P — P)? where I'’; and T, refers to the first derivative, %, and second derivative, %, respectively. The reference pressure, P, refers
P

to ambient conditions, i.e., 1 bar or 1 X 107* GPa for K-I, P, refers to ~3.0 GPa for K-II, and P, refers to ~6.5 GPa for K-IIL

three high-energy modes are also often interpreted in terms of (vs). In contrast, Oh4-H4 ~ 0.975 A exhibits stronger hydrogen
independent vibrations of the three “inner surface” hydrox- bonding owing to shorter Oh4-H4----O5 = 2.945 A'" and is
yls.'®* For instance, the Oh2-H2 ~ 0.982 A is the least likely to correspond to the lower energy mode, 3653 cm™ (1,).
hydrogen-bonded owing to the longer Oh2-H2---:04 ~ 3.087 A The hydroxyl bond, Oh3-H3 = 0.976 A and the Oh3-H3----O3
and is likely to correspond to the high-energy mode, 3699 cm™' ~ 2.980 A are intermediate between Oh2-H2--O4 and Oh4-
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H4----0S, and hence they are likely to correspond to the
intermediate energy mode at 3670 cm™' (v3). An additional
mode (v,) is often observed in the Raman spectra of
kaolinite."**~** The clarity of the v, mode is often specific to
the kaolinite samples.” It is speculated that the r, mode is
related to the LO-TO splitting.15 It is likely that, Oh2-H2----O4
owing to weaker hydrogen bonding, Oh2-H2 is relatively
unhinged and exhibits translational motion; thus, v5 often shows
a shoulder at v, due to the LO-TO splitting.

Hydroxyl Stretching Region at High-Pressures. Upon
compression, the crystal structure and the crystallographic
environment of proton in kaolinite are affected, which in turn is
reflected in the changes observed in the OH-stretching modes of
SA and LD kaolinite samples (Figure 3 and Supporting
Information, Figure SF7). We have deconvoluted the OH
stretching region as a function of pressure (Figure 4 and
Supporting Information, Figure SF8). The inner hydroxyl v,
mode softens upon compression. The non-linear behavior of the
hydroxyl modes v;, where i= 1—35, could be well described with a
quadratic expansion of the vibrational modes with respect to
pressure:

dy, d, 2
(Py)+—P-P;)+—(P—P
l/l( ref) dP( ref) sz( ref) (1)

with the inner hydroxyl mode, v (P,.) & 3620.1 (+ 0.05) cm™,
d - & _
d%l ~ —3.16 (+ 0.11) cm™'/GPa, 5”; ~ 0.58 (+ 0.40) cm™'/

GPa? (Figure S, Table 2, and Supporting Information, Figure
SF9). The reference pressure, P, refers to ambient conditions,
ie, 1 bar or 1 X 107* GPa. The inner surface hydroxyl groups
represented by v, and v; modes also soften upon compression.
The non-linear behavior of the v, and v; modes could be well
described with the polynomial (1), with v,(P,¢) ~ 3652.3 (+

222) em™!, % & 176 (£ 4.18) cm™!/GPa, Cdl% ~ —2.86 (+
1.33) cm™'/GPa® and v5(P,) ~ 3669.5 (+ 2.54) cm™), % ~

2
duy

dp
(Figure S and Table 2). The inner surface hydroxyl groups v
mode is the least hydrogen-bonded owing to the longer Oh2---
04"? and shows a weak pressure dependence at low pressures up

to ~2.6—3.0 GPa with vs(P.)~ 3697.9 (z 0.70) cm™, ‘fﬁ ~

2
dy

—1.74 (% 1.15) cm™'/GPa, o 043 (% 0.39) cm™'/GPa?

(Figure S and Table 2). The LO-TO v, mode located in the low
energy shoulder of the v mode shows a non-linear pressure

~=5.21

—7.44 (£ 3.31) cm™'/GPa, ~ 1.01 (£ 0.96) cm™!/GPa?

dependence, with v4(P,.;) ~ 3690.2 (+ 1.48) cm™, %

(+2.40) cm™'/GPa, %~ 1.47 (+0.77) (Figure S and Table 2).
We note that, up to pressures of ~2.9 GPa, all the five modes

soften, ie, % < 0 for i = 1-5 (Figure S and Table 2). The

ap
& .
pressure dependence of the v, mode —”22 < 0, i.e., the pressure
dp

dependence exhibits local maxima with enhanced softening
upon compression. The v, mode is very likely related to the
shortest Oh4--OS'” distance, and it further shortens upon
compression, leading to the strengthening of the hydrogen
bonding. Similar observations were also made for kaolinite using
Fourier transform infrared spectroscopy (FTIR) measure-

ments.'® Thus, at ~2.9 GPa, the first derivative, i.e., % ,

840

dy;

. dy, .
dp) < 0 to positive, (5) > 0, where i

=1, 2, and 3 (Figure S and Table 2). That is, at pressure < 2.9
GPa, v}, 15, and v3 modes soften upon compression, whereas at
pressures >2.9 GPa, all of these modes stiffen. The softening of
the OH mode at low pressures is due to the stretching of the O—
H distance in the O-H--O unit as the hydrogen bond (H----O)
becomes stronger upon compression. In contrast, the stiffening
of the OH modes at high pressures are due to shortening of the
O—H distances, implying that the hydrogen bonds in the O-H:--
O units are broken at 2.9 GPa. This is more pronounced for
hydroxyl groups that were weakly hydrogen bonded at ambient
pressures. Under compression, these weaker hydrogen-bonded
O-H:--O pairs underwent slight strengthening of hydrogen-
bonded interactions till 2.9 GPa, beyond which these pairs
showed signs of weakening or snapping of hydrogen bonding.
This is very likely due to structural reorganization as kaolinite is
compressed. Kaolinite at pressures below 2.9 GPa is referred to
as the K-I phase, whereas at pressures greater than 2.9 GPa, it is
referred to as the K-II phase. Such transitions in kaolinite and its
polymorph dickite have been reported in previous studies
(Table 3). Previous studies on single-crystal dickite using

transitions from negative, (

Table 3. Polytypic Transition and Pressure-Induced
Hydration in Layered Hydrous Silicates Including Kaolinite
Polymorphs and Talc”

temperature
P, [GPa] °C] method
1:1 Clays (Tet-Oct--Tet-Oct)
dickite — high P dickite 2.0-2.5 25 Raman®
dickite — high P dickite 2 25 SCXRD*’
kaolinite (KI — KII) 3.4-3.9 25 PXRD'”
kaolinite (KI — KII) 3.7 25 FTIR'®
kaolinite (KII — KIII) 6.5-7.2 25 PXRD'”
kaolinite (KII — KIII) 7 28 FTIR"®
kaolinite (KI — KII) 2.9 25 Raman®
kaolinite (KIT)* ~3.7-3.9 25 Raman®
kaolinite (KII — KIII) 6.1 25 Raman®
kaolinite, KII — SuHy (PIH) 2.6 200 PXRD, IR*'
nacrite — PIH 3 200 PXRD, IR*
2:1 Clays (Tet-Oct-Tet:-Tet-Oct-Tet)
talc (talc-I — talc-II) 4 25 PXRD®'
talc (talc-T — talc-IT) 4 45 PXRD®'
talc (talc-II — 10 A) 4 27 PXRD*’
Na-hectorite — PIH 17 25 PXRD®
2:1 Clays (Tet-Oct-Tet:--O--Tet-Oct-Tet)
smectites - PIH ambient 25 PXRD"*

“Raman: Raman Spectroscopy; SCXRD: single-crystal X-ray
diffraction; PXRD: powder X-ray diffraction; FTIR: Fourier transform
infrared spectroscopy; SuHy: super-hydrated kaolinite; PIH: pressure-
induced hydration; ($): this study; (*): refer to Figure S; O: cation.

Raman spectroscopy revealed a transition from dickite to its
high—yressure polymorph at pressures between ~2.0 and 2.5
GPa.” The transition pressures of around ~2.0 GPa was further
confirmed by X-ray diffraction studies.”® The transition in
dickite was associated with a 2% reduction in the unit cell
volume.”” Similar to the transition of dickite to the high-pressure
polymorph of dickite, X-ray diffraction studies of kaolinite
showed a transition from low-pressure kaolinite (K-I) to an
intermediate pressure phase of kaolinite (K-II) between 3.4 and
3.9 GPa."”

https://dx.doi.org/10.1021/acsearthspacechem.0c00349
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Table 4. Pressure and Temperature Conditions Explored in Each Experiment“’b

serial # experiment # (T Pin) (Tine Pint)
1 HPT-1 22,03 22,3.5
2 HTP-2 22,03 220, 3.5
3 HTP-3 22,0.1 350, 2.1
4 HTP-4 22,08 22,09
S HTP-5 22,03 200, 1.6
6 HTP-6 22,02 22, 1.1

(T Ponax) (T4 Psn) 10 A phase
225,4.1 22,18 yes
220, 4.6 22,23 yes
350, 2.1 22,02 no
225, 3.1 22,1.7 no
200, 3.7 22,17 no
220, 5.1 22,22 yes

“Note: Subscript “in” refers to initial P—T conditions, subscript “int” refers to the intermediate P, T conditions, subscript “max” refers to the
maximum P, T conditions explored, and subscript “fin” refers to the final P, T conditions after the experiment. The “final” pressure need not be the
same as the “initial” pressure; it is often dependent on the P—T path explored. In the HPT-1 experiment, the pressure was increased initially to the
ice phase. This was followed by an increase in temperature. For the HTP-n (n = 2—6) experiments, the P—T conditions remain in the liquid water
phase. “Temperatures and pressures are reported in °C and GPa, respectively.

In our study, in contrast to the v, mode, the v5 mode, which is
likely to be associated with the longer Oh2----04," i.e.,, weak or

no hydrogen bonding, softens the least with % ~ —1.74 (£

1.15) cm™!/GPa (Table 2). At ~2.9 GPa, we note that the v
mode stiffens discontinuously, Avg & +6.7 cm™" (Figure 5). The
v, mode also shows discontinuous stiffening at 2.9 GPa, but the
magnitude of the stiffening is lower than that of the v5 mode,
with Av, ~ 4.4 cm™ (Figure S). At pressures > 2. 9 GPa, i.e,,
following the discontinuous stiffening, both v5 and v, modes
exhibit a non-linear behavior, i.e., they first soften till pressures of
4 GPa, and upon further compression beyond 4 GPa, they
stiffen. Thus, the K-II region in our study shows a distinct

behavior for modes, (%) > 0, where i=1,2,and 3, but fori =4

and §, <%) < 0 up to pressures of 4 GPa, but (%) > 0 at
pressures beyond 4 GPa. This might imply that, at the KI-KII
transition at 2.9 GPa, most hydrogen bonds snap, but for the v,
and v modes, the hydrogen bonds initially break and then again
form with newer oxygen atoms in the adjacent layers. This newly
formed hydrogen bond strengthens till 4 GPa, beyond which it
breaks, exhibiting the non-linear behavior of the v, and v;
modes.

Upon further compression, X-ray diffraction studies of
kaolinite showed another transition from the intermediate
pressure kaolinite (K-II) to a high-pressure kaolinite between
6.5 and 7.2 GPa.'” High-pressure FTIR study on kaolinite also
exhibited the K-I to K-II transition and K-II to K-III transition at
3.7 and 6.1 GPa, respectively.'” Based on our results, we also
note a transition in the pressure dependence of the hydroxyl
modes at around 6.1 GPa and we denote this as the transition
from the K-II to K-III phase (Figure S and Table 2).

It is known that the stacking of the second layer of Tet-Oct
over the first Tet-Oct layer could be achieved either by a rotation
of the second layer over the first layer, with the rotation amount
being kg, where k = 0—6, i.e., six distinct rotations of 0° to 360°

in increments of 60°, or by translation. Six distinct translations
have been identified: 0, g , 2, 2“: b “+32b, and 2(”: b) (where a
and b are lattice vectors in the a—b plane). With these six
rotations and six translations, a total of 36 combinations are
possible.*” These rotations and translations tend to affect the
energetics due to a combination of (a) repulsive interaction
between Al cations of the octahedral units of the first layer with
the Si cation of the tetrahedral units of the overlying second layer
and (b) an attractive interaction between the O—H units, i.e.,
inner surface hydroxyl of the first layer with the basal oxygen
anions of the tetrahedral units of the overlying or the second

841

layer."” Recent first-principles simulations of kaolinite poly-
morphs have investigated the relative energetics of all the
abovementioned 36 polymorphs that results from the
combination of rotation and translation.”"** Using the
converged results of the crystal structure, the high-pressure X-
ray diffraction results for the K-II phase was identified as a

polymorph in which the second layer was translated with respect
2a+b

to the first layer by a translation vector without any

rotation of the second layer, i.e., k = 0."”
As kaolinite undergoes a transition from the K-I to K-II phase,

the adjacent Tet-Oct layers are offset by a translation vector
2a+b

. This causes snapping of the weaker hydrogen bonds as we

notice from the abrupt shift in the 75 and the v, modes, which are
related to the longer Oh2---O(4) pairs. Meanwhile, the
relatively stronger hydrogen bonds are likely to weaken, thus

NS T e dy, s dy,
indicating a transition from (5> < 0 to positive, (5) > 0, where

i =1, 2, and 3. We note that this transition occurs at slightly
lower pressures of ~2.9 GPa compared to 3.4—3.9 GPa from a
previous study.'® This discrepancy may be attributed to two
factors: (a) sample crystallinity and (b) the different
experimental probe. While, in our study, we have used kaolinite
samples that are with high Hinckley indices (H;), Keokuk
kaolinite, one of the most ordered kaolinite, was used in prior
study.'® The slight variation of the Al—Si ordering might lead to
changes in the repulsive interaction between the Al cation and
the overlying Si cation and attractive interaction between the
inner surface hydroxyl and the overlying oxygen anion of the
tetrahedral layer. The slight variation in the energetics due to
Al-Si order—disorder is the likely cause for the observed
differences in the transition pressures between the samples
explored in this study and those explored in earlier studies.'®
The slight mismatch in transition pressure may in part be
attributed to the differences in the probes used in the previous
measurements (XRD)'” with the present study (Raman
spectroscopy). While XRD examines changes that are averaged
over the bulk of the sample, Raman spectroscopy detects
changes in the local structure, which may initiate at a lower
pressure.*”** This is consistent with our Raman results, where
we observe the initiation of the transition occurs at 2.9 GPa.
Kaolinite and Water Interaction at High Pressures and
Temperatures. To examine the interaction of water with
kaolinite and possible intercalation of water in the interlayer
region of kaolinite at high pressures and temperatures, we loaded
kaolinite and water in hydrothermal diamond anvil cell.”**>*°
Before the initiation of the high PT experiment, we collected
reference Raman spectra for the hydroxyl stretching modes for

https://dx.doi.org/10.1021/acsearthspacechem.0c00349
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Figure 6. (a) Plot shows P—T path adopted for the kaolinite—water experiment (HPT-1). The red filled symbols and line show the initial
pressurization path for “kaolinite + H,O” via the ice-VI and ice-VII phase. Following the initial compression, the “kaolinite + H,O” sample was heated
such that ice-VII transitions into liquid water. At T,,,,, & 225 °C, and P,,, & 4.1 GPa, the “kaolinite + H,0” sample was held for >60 min. Then, the
“kaolinite + H,0” sample was cooled down to Tj, & 22 °C, and the sample decompressed to a final pressure, Py, ~ 1.8 GPa (Table 4). The cooling path
is shown in blue filled symbols and line. The geothermal gradient along the Tonga subduction zone is also shown at the slab surface (blue line), inside
the slab at Moho depth (dashed blue line). The P—T boundary for kaolinite (white rhombus), “super-hydrated” 10 A kaolinite (filled gray rhombus),
from a recent study (H2017)*" is also shown. (b) Plot shows Raman spectra for ice-VI, ice-VII, and liquid water in the 3000—4000 cm™" region along
the P—T paths in (a). (c) Plot shows Raman spectra for kaolinite in the hydroxyl region, i.e.,, 3000—4000 cm™’, along the P—T paths in (a). The red
color refers to the initial compression followed by heating as in (a), whereas the blue color represents the cooling path as shown in (a). (d)
Deconvolution of the Raman spectra for kaolinite at 150 °C and 3.3 GPa. We note the additional peak at 3567 cm™", which is likely to be associated
with the interlayer water in 10 A kaolinite.”' A similar peak is also observed in halloysite.”’

both pure water and LD kaolinite samples inside the sample the bending mode and symmetric and asymmetric stretching

chamber (Supporting Information, Figure SF10). The fre- vibrations. The OH-stretching frequencies for the LD kaolinite

quency region between 2800 and 4000 cm™" of the pure water sample consisted of four distinct modes at ~3620 cm™ (v,),

Raman spectrum is dominated by three distinct bands at 3225, 3648 cm™ (v,), 3691 cm™ (v,), and 3699 cm™" (vs).

3436, and 3610. This is in good agreement with the reported We explored distinct pressure and temperature paths to

Raman spectra for liquid water*’~*” and is due to the overtone of examine the kaolinite and water interaction. We categorized our
842 https://dx.doi.org/10.1021/acsearthspacechem.0c00349
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Figure 7. (a) Plot shows the P—T path adopted for the kaolinite—water experiment (HTP-2). The red filled symbols and line show the initial heating
and pressurization path for “kaolinite + H,O”, which lies along the liquid water region. At T, & 220 °C and P,,, & 4.6 GPa, i.e., at the P—T boundary
ofliquid water and ice-VII phase, the “kaolinite + H,O” sample was held for >60 min. Then, the “kaolinite + H,O” sample was cooled down to Ty, & 22
°C, and the sample decompressed to a final pressure Py, of ~2.3 GPa (Table 4). The cooling path is shown in blue filled symbols and line. The
geothermal gradient along the Tonga subduction zone is also shown at the slab surface (blue line), inside the slab at Moho depth (dashed blue line).
The P—T boundary for kaolinite (white rhombus), “super-hydrated” 10 A kaolinite (filled gray rhombs), from a recent study (H2017)*" is also shown.
(b) Plot shows Raman spectra for liquid water in the 3000—4000 cm ™" region along the P—T paths in (a). (c) Plot shows Raman spectra for kaolinite in
the hydroxyl region, i.e., 3000—4000 cm™", along the P—T paths in (a). The red color refers to the initial compression followed by heating as in (a),
whereas the blue color represents the cooling path as shown in (a). (d) Deconvolution of the Raman spectra for the super-hydrated kaolinite sample
collected after 72 h at 22 °C and 2.2 GPa. In addition, the peak at 3650 cm™" is sharp and intense and is also indicative of super-hydrated kaolinite.

experiments into two distinct pressure—temperature paths. In
the first set of experiments, labeled HPT-n (where n is the
experiment run #, Table 4), “kaolinite + H,0” was first
compressed to an intermediate (int) pressure, P, at 22 °C (292
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K) above the water—ice VI phase boundary. Then, “kaolinite +
H,0” was heated to the maximum temperature T, and the
pressure increased to P, ... This was followed by cooling to the
final temperature of Ty, Upon cooling back to the final
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temperature Ty, ~22 °C (292 K), “kaolinite + H,0”
decompressed back to Py, where Py, is often greater than the
initial (in) pressure, P,,. Compressing the sample before heating
allows us to compare our results directly with a prior study.*' For
instance, in HPT-1, we first increased the pressure at ambient
temperature, i.e., upon compression, the water transformed to
ice-VI at ~1 GPa and then to ice-VII at ~2 GPa. The Raman
spectra in the 2800—4000 cm™" region reveal the ice-VII phase,
in agreement with previous studies.”’ =" At room temperature
and 3.5 GPa (P,,.), we find OH-stretching modes at 3619, 3626,
3658, 3680, and 3690 cm™. Upon reaching a pressure of 3.5
GPa, ie., in the K-II phase, we heated the kaolinite and H,O
(ice-VII) (Figure 6 and Table 4). We heated the cell to 225 °C
(T sy in an incremental step of 50 °C. We collected the Raman
spectra at each of these temperatures. At the temperature of 225
°C and pressure of ~4.1 GPa (P,,,,.), we heated the cell for more
than an hour (>60 min). At 225 °C, we observed modes at
~3630 and 3698 cm™l In addition, we noticed a severe
broadening of the 3698 cm ™" mode. This is very likely due to the
stacking disorder and a subsequent weakening of the interlayer
hydrogen bonding in kaolinite tetrahedral-octahedral-tetrahe-
dral (T-O-T) layers. On cooling down to ~150 °C and
concomitant reduction in pressures to ~3.3 GPa, we observe
two new modes near ~3550 cm™ (r4) and 3640 cm™! (v,).
Upon further reduction in temperature to 22 °C (Tg,) and
simultaneous reduction of pressures to ~1.8 GPa (Pg,), we note
that the full width at half maxima of the v5 mode becomes
broader. In contrast, at 22 °C (T;,) and 1.8 GPa (Pg,), the v
mode becomes more intense and is still distinct from the v, and
v; modes of kaolinite.

In the second set of experiments, labeled HTP-n (where # is
the experiment run #, Table 4), the initial temperature (T),) for
“kaolinite + H,O” is room temperature (~22 °C), but the initial
pressure (P,,) is always below the water-ice-VI phase boundary.
“Kaolinite + H,0” was first heated to an intermediate
temperature Tj,. This heating leads to compression and the
pressures changes to P, such that the assemblage is at Py, T,
where liquid water is the thermodynamically stable phase. Then,
“kaolinite + H,0O” was compressed to the maximum pressure
P, This was followed by cooling to the final temperature of
T4, Upon cooling to Ty, “kaolinite + H,O” decompressed to
P;,,, where P > P;.. For instance, in the experiment, HTP-2, we
began at initial pressures of 0.3 GPa (P,) and ambient
temperature of 22 °C (T,,), ie., in the liquid water phase.
Then, we heated the sample to 220 °C (T,,,), this led to
concurrent changes in the pressures ~3.5 GPa (P,,). The
maximum pressures and temperatures explored were ~4.5 GPa
(Ppay) and 200 °C (T,,,.)- The HDAC was held for more than an
hour (>60 min) at the P,,,, and T, conditions. Upon cooling,
similar to the HPT-1, we observed the appearance of two new
modes near ~3550 cm™" (v4) and 3650 cm ™! (17). We note that
v, is distinct from both v, and v; hydroxyl stretching modes of
kaolinite. The v, mode frequency is in between v, and v; modes.
Additionally, the full width at half maxima value for v is an order
of magnitude smaller than v, and v; modes, likely indicating
toward a different origin of the v, mode (Figures 7 and 8 and
Supporting Information, Table ST1). These two modes (v and
v,) are indicative of the formation of the super-hydrated phase.
We collected the Raman spectrum of the super-hydrated phase
on the cooling cycle to room temperature (T;,) and a pressure
of ~2.1 GPa (Pg,) and noted that the v4 mode becomes more
intense at a lower temperature. We collected Raman spectra
again after an interval of ~20 h and observed that the v and v,
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Figure 8. Plot of hydroxyl stretching modes of LD kaolinite in the range
from 3500 to 3750 cm™". The Raman spectra for static compression at
2.1 and 2.4 GPa and 22 °C are shown in black. The Raman spectra from
HDAC run HTP-2 and HTP-6 (Table 4) are shown in blue. The v
mode (~3550 cm™) is a new mode associated with the intercalation of
water in the interlayer region of kaolinite. The v, mode (~3650 cm™")
observed in the HTP-2 and HTP-6 is distinct from the v, and v; modes
observed from static compression at 2.1 and 2.4 GPa and appear in
between the two modes.

modes grew more intense with time (Figure 7). We always
observed the v5 mode upon cooling, but so far, we have not been
able to detect v at the maximum temperatures explored. It is
very likely that, at the higher temperatures, the interlayer water
molecules are more disordered, resulting in a broader full width
at half maxima for the 24 mode, making it harder to detect. Upon
cooling down to lower temperatures but retaining high pressures
might lead to the ordering of the intercalated water in the
interlayer region and provide better Raman scattering cross
section, resulting in a well-defined and intense mode
(Supporting Information, Figure SF12). We have repeated the
high-pressure and temperature experiments and have consis-
tently observed the intercalation of water and the presence of
modes v and v in super-hydrated kaolinite when the maximum
pressure (P,,.,) explored were >4 GPa (Table 4) i.e., P, > 2.9
GPa, ie., P, for K-I to K-II. One possible explanation might be
that, upon the K-I to K-II transition, even though all the
hydrogen bonds are broken, we note a non-linear behavior for
the v, and 15 modes in the K-II region (Figure 5 and Table 3). It
is likely that, at P, (2.9 GPa), the hydrogen-bonded pairs O-H--
O for the v, and v5 modes are snapped and then new hydrogen-
bonded pairs O-H--O form with newer oxygen atoms in the
adjacent layers. This newly formed hydrogen bond strengthens
till ~4 GPa and very likely weakens beyond this pressure when
the intercalation of water molecules in the interlayer region is
facilitated. The intercalation is always associated with the
formation of ~3550 cm™ (v4) and 3650 cm™ (r,) modes.
However, in some experiments where the maximum pressure
(Ppa) did not exceed 4 GPa, we were not able to confirm the
intercalation of water, i.e., upon cooling, we did not observe the
formation of 14 and v, modes. Thus, for the high-pressure and
temperature-induced intercalation of water in the interlayer
region, it is crucial that kaolinite and water react at pressures that
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are well within the K-II phase stability, i.e., pressures exceeding 4
GPa where the minima are observed for the pressure
dependence of the v, and s modes (Figure S). As the interlayer
hydrogen bonds are weaker in the K-II phase, it acts as a
precursor for the super-hydrated kaolinite.

Recent X-ray diffraction and FTIR study”' on kaolinite shows
the formation of the super-hydrated phase at a slightly lower
pressure (~2.7 GPa) than that observed in the present study. It
is likely the pressure—temperature path followed in the
hydration experiments plays a major role in the intercalation
pressure—temperature values. We have followed two pressure—
temperature paths during the hydration experiments: (1) initial
compression through the ice phase and then heating (HPT-n)
(Figure 6 and Table 4) and (2) initial heating through the water
phase and then compression (HTP-n) (Figure 7 and Table 4). It
is very likely that the KI-KII transition pressure (P,,) is affected
(lowered) if the sample is first compressed, i.e., liquid water to
ice-VI/VII may contribute to quasi-hydrostatic conditions and
may lead to KI-KII polytypic transitions at slightly lower
pressures, resulting in the formation of the super-hydrated phase
at a lower pressure.

B DISCUSSIONS

Pressure-induced hydration in minerals is a unique phenomen-
on where the volume of mineral expands upon compression as it
accommodates water molecules at higher pressures. This
phenomenon has been extensively investigated for the zeolites
group of minerals with crystal structures consisting of a
tetrahedral framework of aluminum and silicon ions.”® The
accommodation of foreign molecules including water molecules
within the cages of the tetrahedral framework is often
accommodated by tilts and rotation of the tetrahedral
framework, thus creating enhanced cages. In stark contrast
with the zeolites, clays have a layered structure. Upon
compression, the compressibility across the clay layer is often
significantly greater than along the layers. This is documented
with a pressure-induced sharp decrease in the ¢/a ratio and also
in anisotropic linear elastic moduli and their pressure depend-
ence, ie., K] > Kio) ® I<[010].17’51_54 Thus, upon
compression, the interlayer region of clays undergoes
compression at a faster rate compared to the compression
along [100] and [010] directions. The coefficients of thermal
expansions (a) for layered silicates are also quite anisotropic,
with o917 > Q[190) & a[omyw,ss—w However, thermal expansion
is ~107°/K and would translate to very little expansion within
the thermodynamic stability range of most clays, i.e., S00—800
K. Thus, based on the anisotropic thermoelasticity of clays, one
would expect such insertion of water molecules at high pressures
to be counterintuitive. This makes the pressure-induced
hydration in clays quite counterintuitive and is indeed a unique
phenomenon. Such pressure-induced hydration in the interlayer
region of 2:1 clazs has been documented in talc
[Mg;8i,0,0(0OH),]°*"” and more recently in synthetic Na-
fluorohectorite clays.”” For instance, at pressures of ~6.5 GPa
and temperatures of ~550 °C, in the talc + water system, talc
transforms to a 10 A phase, where water molecules are
intercalated in interlayer space between the tetrahedral-
octahedral-tetrahedral (T-O-T) layers.”® In talc, the T-O-T
layers are held together by weak van der Waals interactions.
Recent investigations have indicated that talc also undergoes a
pressure-induced transformation from talc-I to talc-II at around
4 GPa.°' This is further confirmed by in situ X-ray-based
observations, which have concluded that talc-II is stable between
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4and 9 GPa, i.e., corresponding to a depth of 125—275 km.” It
is suggested that the talc-II phase, which is stable at 4 GPa, is the
likely precursor to the 10 A phase in the water-saturated
system.sc)’61

Based on our study, it is apparent that kaolinite undergoes a
pressure-induced transformation at ~2.9 GPa from K-I to K-II,
which translates to an ~90 km depth in a typical subduction
zone. The transition is associated with the breaking of hydrogen
bonds formed by the inner surface hydroxyls and a
reorganization of the Tet-Oct--Tet-Oct stacking.'”*’ However,
at pressures beyond 2.9 GPa, new hydrogen bonds are formed,
and they are first strengthened and then weakened at further
higher pressures (~4 GPa) as evidenced by the non-linear
behavior of both v, and v modes. It is likely that the K-II phase
with broken hydrogen bonds in the interlayer region is primed
ready for the insertion/accommodation of the water molecules.
In our experiments that are conducted in water-saturated
conditions, the K-II phase transforms to the newly super-
hydrated kaolinite at ~4 GPa (Figures 6 and 7), i.e., ~ 120 km
depth in a typical subduction zone. The weakened hydrogen
bonding in the interlayer region is associated with the K-I to K-II
transition in kaolinite, which leads to the modification of O-H--
O bonding to O-H:--X bonding where X refers to an
intercalated species.’” In the present case, X is likely the oxygen
ion of the intercalated water molecules (H,0). To understand
the effect of temperature on the super-hydrated phase, we
heated it to 100 °C and found that, upon heating, the v4 mode
became less intense and the full width at half maxima (FWHM)
significantly increases such that we were unable to detect the
mode. However, upon cooling down, the intensity of the v
mode recovered. This indicates that the temperature affects the
structure and configuration of the water molecules in the
interlayer region. At high temperatures, the water molecules in
the interlayer region are likely to be more disordered, resulting in
the less intense 4 mode that also has a larger FWHM. This
might also explain why it is often difficult to detect this mode at
the highest pressures and temperatures and becomes sharper
and more intense upon cooling. The v; mode remained intense
upon heating up to ~100 °C. To explore the effects of pressure,
we also compressed the super-hydrated phase. Upon compres-

sion, we noticed softening of the v5 mode with % ~—68+ 1.1

cm™'/GPa and minor stiffening of the v, mode with % ~ 0.8+

0.1 cm™'/GPa (Supporting Information, Figure SF12). The
softening of the 15 mode is likely due to the enhancement of the
hydrogen bonding between the water molecules (H,0) in the
interlayer region and the oxygen atoms of the octahedral (O)
and tetrahedral (Or) layer that sandwiches the interlayer region,
ie, HyO--Or or HyO--Op. It is also likely that hydrogen
bonding between the water molecules in the interlayer region,
i.e.,, H,O---OH,, also strengthens upon compression and weaken
upon heating.

Hydrous phases that are thermodynamically stable in the
subducting slab play a vital role in transporting water into the
deep Earth. Most of the hydrous phases that are abundant in the
subducting lithosphere often belong to the simplified ternary
MgO-Si0,-H,0 (MSH) system representing hydrated peri-
dotite.” Effective water transport is facilitated if the P—T path of
the slab continuously coincides with the P—T stability field of
these hydrous phases in the P—T space. However, gaps in the P—
T stability field of hydrous phases are known from experimental
studies, i.e., the P—T stability field of serpentine
(Mg;Si,05(OH),) and that of high-pressure phase-A
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(Mg;Si,05(OH),) do not fully overlap such that the P—T paths
of subducting slabs pass through P—T regions where no hydrous
phases are stable (choke point); thus, the effective mechanism of
water transport to the deep interior is severely affected.” The 10
A phase in MSH ternary has stability between 4 and 9 GPa, i.e.,
125—275 km, and effectively bridges the P—T gap and provides
an effective mechanism of continuous transport of water.****¢’
However, it is well known that aluminous hydrous phases often
have hi§her thermal stability than the alumina-free hydrous
phase.”” Our experiments show that the super-hydrated
kaolinite phase is also likely to be stable at around 4 GPa, i.e.,
close to the thermodynamic choke point, and is likely to alleviate
this issue by providing an additional mechanism of water
transport to the deep Earth. Further study on the high-
temperature stability of super-hydrated kaolinite would shed
valuable insight into the transport of water into the deep Earth.

In addition to water, it is possible that kaolinite or other clays
might also play a vital role in sequestering carbon and nitrogen in
subduction zone settings. Layered silicates are known to host the
methane molecule (CH,) in the interlayer region of layered
silicates and could potentially sequester both carbon and
hydrogen.”* Under hydrothermal conditions, kaolinite could
react with ammonium hydroxide and intercalate ammonium
(NH,") in the interlayer region, thus transforming to tobelite.”
Thus, kaolinite with intercalated ammonium and other
ammonium-bearing layered silicates could play a vital role in
sequestering nitrogen and hydrogen in the deep Earth and
account for the nitrogen deficit in the bulk silicate Earth.*°~%*
Moreover, such intercalation of methane and or ammonium may
also affect the stability of the super-hydrated phase.

At higher pressures (~6.1 GPa), the K-II phase eventually
transforms to the K-III phase (Figure S), and K-III eventually
decomposes to phase-pi (Al;Si,O,(OH);) at ~7 GPa.”"**”°
This transformation is likely to be associated with the release of
aqueous fluids and might contribute to dehydration-related
seismicity. Similarly, at higher temperatures, the super-hydrated
phase is also likely to dehydrate, which would release aqueous
fluids and might induce subduction zone seismicity. The
dehydration kinetics of the super-hydrated phase needs to be
characterized to gain a better insight into the dehydration-
induced seismicity in subduction zone settings.
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