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Abstract

Pressure-induced hydration of the clay mineral nacrite, Al2Si205(OH)4 is, in contrast to its
polymorph kaolinite, partially irreversible. At ambient conditions after pressure release, a majority
phase with composition Al2Si20s5(OH)4:2H20 with an intense (002) diffraction peak near d ~ 8.4
A has been found. Both in-situ X-ray diffraction and simulations based on density functional
theory point to intercalation of molecules in nominally non-swelling clays and specific geophysical

and geochemical conditions.

Introduction

Clay minerals are layered materials and comprise some of the most common materials on the
Earth’s surface.! Insertion of cations and molecules allows clay minerals to play an important role
in industrial applications, such as storage of nuclear waste and catalytic conversions of carbon
dioxide.!? Hydration and dehydration of clay minerals are of particular importance in geological
processes, where they can impact fault line strength due to changes of lubricating properties.3®
Pressure-induced hydration (PIH), established in graphite oxide” and zeolites®® was also observed
in synthetic smectite by You et al. (2013).%° This study establishes partial irreversible PIH swelling
in nacrite distinct from the established reversible PIH in kaolinite. Hwang et al. found that direct
pressure- and heat-induced water insertion without the use of an organic solvent occurs at 2.5 GPa
and 200°C in kaolinite, the most abundant 1:1 phyllosilicate on Earth.* They characterized a new
hydrated form of a clay mineral, super-hydrated kaolinite, that is the most hydrated silicate mineral
on Earth with ca. 17.3 wt.% water. It should be noted that the discrepancies in quoted water content
of clays in the kaolin group is rooted in the difference between containing molecular water as in

Al2Si20s5(0OH)4 x nH20 (i.e. n=2 for halloysite, n=3 for super-hydrated kaolinite) or the loss of



water during dehydroxylation in kaolinite and the formation of amorphous metakaolin according
to Al2Si205(0OH)4 = Al2Si207 + 2H20. Building on these studies, we anticipated pressure-induced
water/molecular insertion in other clay minerals known as ‘non-swelling clays’, such as
polymorphs of kaolinite, serpentine-group minerals, and hydroxide minerals which have strong
hydrogen bonds between their layers.*?

Nacrite is a naturally occurring rare polymorph of kaolinite with an ideal chemical composition
Al2Si205(0OH)a, which occurs in hydrothermal systems.'® The transition kaolinite-to-dickite-to-
nacrite with increasing temperature is well documented in hydrothermal deposits using isotope
methods.* A structural model for nacrite was first given by Gruner using X-ray powder
diffraction.’® Since Gruner’s report other studies added to a more detailed structural model of
nacrite.’58 The structure of nacrite is built up of one silica tetrahedral layer and one alumina
octahedral layer connected by oxygen. A repeat unit of two such layers describes the unit cell of
nacrite (Figure 1).2* The different orientation of hydroxyl groups causes a stacking order
difference between kaolinite and nacrite. The second layer of kaolinite is shifted by -a/3 in
reference to the first layer. On the other hand, the second layer of nacrite is rotated with respect
to the first layer by 60°.2° High-pressure induced solid-to-solid transitions do not allow transitions
between kaolinite and nacrite, as they would have to be reconstructive and not displacive. We
have no indications for a dissolution-recrystallization mechanism between different members of
the kaolin group.

In this paper, we report in-situ high-pressure synchrotron X-ray powder diffraction experiments
on nacrite up to 6.7(1) GPa in a diamond anvil cell, which was also heated to promote phase

transitions, to observe pressure- and temperature-induced changes of nacrite in the presence of



water. Furthermore, we use in-sifu high-pressure infrared spectroscopy and ab initio random

structure searching based on DFT to corroborate the structural results.

2. Experimental Methods

2.1 Sample preparation

In-situ high pressure synchrotron X-ray diffraction powder experiments were performed using a
symmetric type diamond anvil cell (DAC) with diamonds having culets measuring 500um in
diameter. Natural nacrite from Schweighausen, Germany (Natural History Museum of Los
Angeles County #22873) was loaded into the sample chamber with 235 pm diameter and 70 pm
height drilled by electro-spark erosion of a stainless-steel gasket. To determine sample chamber
pressure, small ruby spheres were added into the sample chamber together with the nacrite powder.
The pressure of the sample after compression was determined by the shift of the R1 emission line
(precision: 0.1 GPa).?! After sample loading, we put the pressure-transmitting medium (PTM) into
the sample chamber. We used silicone oil as a non-pore penetrating PTM and water as a pore-
penetrating PTM.

2.2 In-situ high pressure synchrotron X-ray powder diffraction

We measured the in-situ high pressure synchrotron X-ray powder diffraction data of nacrite at
beamline 6D in the Pohang Accelerator Laboratory (PAL) and beamline 10-2 at the Stanford
Synchrotron Radiation Lightsource (SSRL) at the SLAC National Accelerator Laboratory. At
beamline 6D at PAL, we collected in-situ high pressure synchrotron X-ray powder diffraction data
for nacrite in the presence of silicone oil. The primary white beam from the bending magnet source
at beamline 6D at PAL was monochromated using Si (111) double crystals providing a wavelength

of 0.653(1) A. The powder diffraction data were collected using a CCD detector (Reyonix-



MX225HS) with 240 mm sample to detector distance to cover a 2-theta range up to 35°. The in-
situ high-pressure synchrotron X-ray powder diffraction data for nacrite with water were collected
at beamline 10-2 at SSRL. At beamline 10-2 located near a wiggler, the monochromatic X-ray
beam from a Si (220) plane gave a wavelength of 0.620(1) A. At this beamline, we used the Pilatus
300K-w Si-diode CMOS detector to collect powder diffraction data at a 1210 mm sample-to-
detector distance with 2-theta coverage up to 30°. Pressure was increased up to 7.0(1) GPa in
intervals of about 0.5-1.0 GPa. The sample equilibrated for about 10 min in the DAC at each
measured pressure. To ensure a homogeneous phase transition, ex-situ heating was done by
placing the sample containing water in a DAC inside an oven at 200 °C for 1 hour.

Pressure-dependent changes in the lattice parameters and unit cell volumes were derived by
whole-pattern profile fitting using the Le Bail method implemented in the GSAS suite of
programs.?> The background curve was fitted using a Chebyshev polynomial with <30
coefficients. The pseudo-Voigt profile function proposed by Thompson and colleagues was used
to model the observed Bragg reflection.?? Bulk moduli from normalized volume (V/V o) were
calculated using the second-order Birch-Murnaghan equation of state.?* The structural model of
nacrite-8.4A after the pressure release was established by Rietveld methods.?

2.3 In-situ high pressure synchrotron infrared spectroscopy

High-pressure IR experiments were performed at the beamline 22-IR-1 of the NSLS-II at
Brookhaven National Laboratory. To avoid absorption saturation from the water present, all IR
spectra were collected in reflection mode using a Bruker Vertex 80v FTIR spectrometer and a
Hyperion 2000 IR microscope equipped with a liquid nitrogen-cooled mid-band MCT detector. A
DAC containing a pair of type-1l1 diamond anvils with 500 um culet size was used. The ruby

fluorescence technique was utilized to estimate the pressures for all experiments at room



temperature. Nacrite with water was loaded into a 235 um wide and 70 um thick sample chamber
drilled using electro-spark erosion in a pre-indented stainless-steel gasket. Near the edge of the
chamber, a few small ruby spheres (~20 um) were added as pressure gauges. The reflectance from
the sample—diamond interface (R sa(w)) is calculated using:

Rsd=lsald/ lelo ... (1)

where Rsq is the reflectivity of the sample—diamond interface, lsa the intensity reflected from the
sample—diamond interface, lq the intensity reflected from the air—diamond interface, le the intensity
reflected from the empty cell and lo the intensity reflected from the gold foil.?6 Although it is
impossible to obtain accurate Rsq values due to the both sample and water being present, our goal
was to monitor the changes in the O—H stretching vibrational modes. The changes of the
frequencies of the O—H stretching vibrational modes are related to the structural changes that occur

during the insertion of the H20 molecules between the layers in the nacrite structure.

2.4 Rietveld refinement

The Rietveld refinement program in the EXPGUI suite was used for structural characterization
of the hydrated nacrite after pressure release.???’ The background curve and peak shape were
modelled using the Le Bail method. These values were used as starting parameters for the Rietveld
refinement and allowed to vary subsequently. The starting model of the structure of hydrated
nacrite was the one proposed by Amara et al. (1998).28 After initial refinements, an inspection of
difference-Fourier maps suggested two interlayer sites showing residual electron densities, which
were subsequently modelled as oxygen atoms of H20 molecules: OW1 at (0.290(1), 0.119(2),
0.380(8)) and OW?2 at (0.609(1), 0.173(2), 0.365(8)). The refined occupancies of the OW1 and

OW?2 sites converged to 1. Geometrical soft restraints were applied for the layer interatomic



distances assuming ideal tetrahedral and octahedral geometries, that is Si—O = 1.610(1) A and O—
0=2.630(5) A for SiOs and Al-O=1.885(1) A and O-0=2.668(5) A for AlQOs. Isotropic
displacement parameters (Uiso) were grouped to be the same or for the same atoms to reduce the
number of parameters. The final convergence of the refinement was achieved by simultaneously
varying all of the background and profile parameters, preferred orientation parameters, scale
factor, lattice constants, 26 zero, and the atomic positional and displacement parameters. The
parameters of the final refined models are listed in Supplementary Tables S2 and S4.

2.5 Computational results

2.5.1 AIRSS

To predict the atomic configuration of super-hydrated nacrite, we conducted crystal structure
searches based on Ab Initio Random Structure Searching (AIRSS)?° combined with the standard
density functional theory based software VASP. To determine computationally the atomic
positions of inserted water molecules, we fixed the atomic positions of the nacrite layers of a 1 x
2 x 1 supercell (16 formula units) constraining the interlayer distance to 8.4 A and only conducted
random structure searches for the inserted water molecules between the layers. We allowed for
full relaxation of atomic positions. Figure S3 shows the ground state atomic positions out of ~1000
trial configurations.

2.5.2 Equations of State

Using the predicted crystal structure of recovered super hydrated nacrite, we extracted the total
energy versus volume relationship. In our calculations, the Local Density Approximation (LDA)
pseudopotential with a cut off energy of 1000 eV was used. A k-point mesh with a spacing of ca.
0.03 A was adopted. Geometry optimizations were performed at various constant volumes by

using a conjugate gradient minimization until all the forces acting on ions were less than 0.01 eV/A
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per atom. The calculated energy—volume data were fitted to a third-order Birch—Murnaghan

equation of state (EOS):

_ 9VoBo )| (Vo3 _ / Vo3 _a(Vo)3

E(V) = Eq + 2220 {l(") 1] BO+[(V) 1] [6 4 (%) l} (1),
where Eo denotes the intrinsic energy at zero pressure, Vo is the volume at zero pressure, Bo is

the bulk modulus and Bo’ the first pressure derivative of the bulk modulus. The relation between

the pressure and the volume at zero Kelvin can be expressed as:
7 5 2
__ 3By | (Vo3 Vo\3 3 ' Vo\3
Py = [(7) - (%) Hl TiBo— [(7) B 1]} @).
3. Results and Discussion

Pressure-dependent changes in the measured synchrotron powder X-ray diffraction of nacrite
are shown as a function of pressure in Figure 2. The d-spacing of the (002) plane near 7 A, the
distance between layers along the direction of stacked layers, initially contracts in comparison to
the a- and b-axes when going up to pressures of 1.8(1) GPa. This initial behavior establishes the
intrinsic pressure-dependent anisotropic compression in nacrite, similar to what was observed in
other clay minerals, such as smectite and kaolinite.3!-3?

At 3.0(1) GPa after heating the diamond-anvil cell at 200°C for 1 hour in an oven, the
synchrotron powder X-ray diffraction pattern reveals the appearance of a new reflection with a d-
spacing near ~10 A. Further annealing near 3 GPa increases the intensity of this new reflection
but further pressure increases up to 6.6(1) GPa decreases it again. This new PIH expanded phase
is stable up to 6.6(1) GPa and down to 1.4(1) GPa during decompression. As nacrite is a
polymorph of kaolinite we posit that this phase is Al2Si20s(OH)4 x 3H20, containing, as super-

hydrated kaolinite, 3 water molecules per formula unit between the tetrahedral silica and



octahedral alumina layers and having a water content of 17.3%. A detailed structural
characterization requires us to take data with a larger g-range. During the PIH, the distance of the
(002) plane increases by about 33% while the lengths of the a- and b-axes continue to decrease.
The corresponding expansion of the unit cell volume is approximately 31%. The bulk modulus of
the expanded phase of nacrite is Ko = 40.6(1) GPa, which is smaller than that of the original nacrite
(nacrite-7A) with Ko = 49.5(3) GPa. In order to determine the bulk modulus of the latter phase we
undertook pressure experiments with silicone oil, which is a pressure transmitting medium that
does not intercalate between the nacrite layers. The results are shown in Figure S1.

After complete pressure release, the (002) reflection with d-spacing near 10 A of the expanded
nacrite disappears and a new reflection near ~ 8.4 A emerges as does a diffuse (002) reflection
near ~ 7 A of the initial nacrite phase. This is different to what is observed in super-hydrated
kaolinite which shows a completely reversible PIH after pressure release.!!

The structural model of the nacrite-8.4A phase was derived by Rietveld refinement of
synchrotron X-ray powder diffraction data. The diffraction peaks of the nacrite-8.4A phase are
indexed in space group C ¢ (no. 9), the same as the original nacrite-7A phase. Based on a starting
structural model by Amara et al. (1998)?, difference-Fourier synthesis displayed maxima of
electron densities between the layers (Figure 3). Subsequent modeling and refining these electron
densities using oxygen atoms of the H2O molecules at two crystallographically distinct interlayer
sites lead to a chemical composition of Al2Si1205(OH)4-2H20. Compared to the super-hydrated
kaolinite which has three fully occupied interlayer H2O sites, the recovered nacrite-8.4A phase is
71% super-hydrated with a net water content of 12.2 wt.%. The average inter-atomic distances
between the oxygen of H20 molecules to the framework oxygen in tetrahedral and octahedral

layers are 2.84(1) A and 2.82(1) A, respectively, indicating strong hydrogen bonding.



To confirm the positions of water molecules in the nacrite-8.4A phase, we conducted a constraint
structure prediction using Ab Initio Random Structure Searching (AIRSS)? combined with the
first principle software VASP3? based on density functional theory only for the inserted water
molecules into pristine nacrite. Figure 3¢ shows the electron density map of the predicted crystal
structure in the interlayer space, which gives an excellent agreement with the experimentally
observed one. We also estimated the bulk moduli Ko of nacrite-7A and nacrite-8.4A using a third-
order Birch-Murnaghan equation of state (EOS), which yield 47.3 GPa and 34.5 GPa, respectively.
These values show that the PIH expanded nacrite is more compressible, which is consistent with
the experimental results (Figure 2).

We find an important difference in the coordination environment of the pressure-inserted H.O
molecules in the recovered nacrite-8.4A phase and super-hydrated kaolinite (Figure 4). The two
interlayer H20 oxygen atoms in nacrite-8.4A are both coordinated by six oxygen atoms of the
tetrahedral and octahedral layers, in a configuration similar to that of ice Ih, whereas the interlayer
H20 coordination in the super-hydrated kaolinite is either two-fold or one coordinated, similar to
that of bulk water. This might be related to the stability of the recovered nacrite-8.4A phase.

Hydroxyl vibrations of nacrite are indicators of changes in the interlayer hydrogen bonding and
molecular intercalation. The formation and recovery of interlayer H2O that is contained within the
PIH structures of nacrite can be corroborated by infrared absorbance spectra measured at high-
pressure and after pressure release at ambient conditions. Figure S2 shows in-situ high-pressure
infrared spectra of nacrite in the presence of water. The positions of the OH vibrations in the
region between 3600 cm™* and 3700 cm! shifts to higher wave numbers as the pressure increases
up to 2.6(1) GPa. At 3.0(1) GPa after heating the sample at 250°C, major changes are observed

upon the formation of the PIH expanded phase, e.g., a new stretching band appeared near 3560
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cmt which is characteristic of the interlayer H20 molecules, similar to those observed in the super-
hydrated kaolinite, halloysite, and smectite.1:33

Figure 5 compares the infrared spectrum of the original nacrite-7A and the recovered nacrite-
8.4A phases. Nacrite-7A has three characteristics hydroxyl (OH) vibrations at 3629 cm'!, 3648
cm’!, and 3700 cm™!, respectively.’* The hydroxyl vibration at 3629 cm’! is assigned to one inner
hydroxyl while the other hydroxyl vibrations at the higher wave numbers originate from the
interlayer hydroxyls of nacrite-7A. In nacrite-8.4A at ambient conditions, two new stretching

I'and 3615 cm™! are observed in addition to the three-stretching bands as

bands near 3540 cm’
observed in nacrite-7A. The new stretching band near 3540 cm™! of nacrite-8.4A occurs due to the
hydration of nacrite and is similar to what was observed in hydrated halloysite.3* The other band
near 3615 cm!is due to an OH stretching mode of H20 located in the interlayer of nacrite-8.4 A3

The infrared data of the nacrite-8.4A phase thus supports our refined crystallographic model and

in particular the interlayer H2O arrangement.

4. Conclusion

This study establishes that nacrite, a polymorph of kaolinite, behaves differently from kaolinite
at high pressures and temperatures in the presence of water. In contrast to the completely
reversible PIH observed in kaolinite, nacrite undergoes partially irreversible PIH upon pressure
release and is therefore an important indicator for geophysical processes at elevated pressures and
temperatures in the presence of water. X-ray diffraction data taken on Mars are often dominated
at low angle by diffraction at d ~10 A and ~14 A, which is indicative of phyllosilicates.?’
Spectroscopic measurements show the presence of hydrated kaolin minerals, such as halloysite,

on the surface of Mars.’®* Most clay minerals can be grouped according to their strongest
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reflection being 7, 10 or 14 A.** The observation of a diffraction near 8.4 A would therefore be a
strong evidence of irreversible PIH as observed in nacrite and points to the P-T conditions of past
geophysical processes. A better understanding of PIH in clay minerals and other phyllosilicates is
important to unravel geophysical processes on Earth and other planetary bodies including if and

how they alter the evolution of clay minerals.*
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2" layer

Figure 1. The crystal structure model of nacrite viewed along the (a) b-axis and (b) c-axis.'® (¢)

The structural model of kaolinite is viewed along the c-axis for comparison.'®
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Figure 2. Synchrotron X-ray powder diffraction patterns of (a) nacrite and (b) kaolinite at ambient
and high-pressures, as well as annealed at different temperatures, in the presence of water as a
pore-penetrating medium. Pressure-dependent changes in the (c) refined unit-cell parameters, (d)

d-spacing of (002) reflection, and (e) normalized unit-cell volume for nacrite.

14



(a) —— Observed (111)
— Calculated
—— Difference
R,,=3.21%
£
5
z
o
% (002)
'g I . JU{uL e N
'a 8.4 A phase
[
gl A S R e
Ambient Nac
1 ' T T T T T
5 10 15 20

Two theta (degree)

Figure 3. (a) The Rietveld fit and refined structural model of the nacrite-8.4A phase measured at
ambient conditions after pressure release. The calculated positions of the Bragg reflections of the
nacrite-7A (ca. 8.1 wt.%) and nacrite-8.4A (ca. 92 wt.%) phases are shown by black and blue
vertical bars, respectively, together with a difference curve in green from the two-phase
refinement. (b) The calculated electron density map based on the refined structural model for the
nacrite-8.4A phase shows the positions of oxygen atoms (H-O molecules) in the interlayer plane.
(c) The calculated electron density map of the DFT simulated structural model for the nacrite-8.4A

phase.
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Figure 4. The comparison of the oxygen coordination environments for the interlayer H20

between (a) nacrite-8.4A and (b) super-hydrated kaolinite.'!
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Figure 5. Infrared spectra of nacrite, nacrite-10A at 3.0(1) GPa, and nacrite-8.4A after pressure

release, compared to the spectra from kaolinite, super-hydrated kaolinite, recovered kaolinite after

pressure release, and natural halloysite-10A.
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Figure S1. (a) In-situ high pressure synchrotron X-ray powder diffraction patterns measured on nacrite with
silicone oil as non-penetrating pressure medium. (b) Pressure-induced changes for the unit-cell volume of
nacrite and kaolinite in the presence of silicone oil. Data set of the kaolinite with silicone oil are from Hwang et

al. (2017).1
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Figure S2. (a) In-situ high pressure synchrotron infrared reflectivity spectra of nacrite with water as a penetrating

pressure medium during compression and heating. (b) Details of in-situ high pressure synchrotron infrared
reflectivity spectrum at 3.0(1) GPa after heating at 250°C.



Figure S3. Predicted crystal structure of hydrated nacrite. Red, light pink, blue, and cyan colors represent
oxygen, hydrogen, silicon, and aluminum atoms, respectively. Dashed lines show the direction of hydrogen
bonds.



Table S1. Crystal data and details pertaining to the structure refinements of the original nacrite, nacrite-8.4 A at
ambient condition, and super-hydrated kaolinite at 4.1 GPa.

Nacrite Nacrite-8.4 A Super hydrated Nacrite-8.4 A
(refined) kaolinite (MD simulation)
Cgl‘ggﬁm ALSLOs(OH):  ALSiHOs(OH);2H,0 | ALSiOs(OH)4-3H,0  AlLSiOs(OH)s-2H,0
Space group Cc (no.9) Cc (no.9) C1(no.1) P 1 (no.l)
a=8916(1)A a=8.939(1) A a=5.00 A a=8.80A
b=5152(1) A b=5.156(1) A b=8.73 A b=5.07 A
Unit cell c=15.682(1) A c=17961(3) A c=953A c=16.80 A
parameter a=288.79 ° a=288.53°
B=113.59(1)° B=110.67(2) ° B=101.98° B=97.73°
v =90.04° y=289.83°
Unit cell volume
(A3) for two 660.11(9) 774.59(10) 813.30 742.44
layers
Rup (%) 6.83% 3.21%
This study This study Hwang et al. This study

(2017)!!



Table S2. Refined atomic positional and displacement parameters of the original nacrite, nacrite-8.4A at ambient conditions, and super-hydrated kaolinite at 4.1 GPa.
Estimated standard deviations are in parenthesis.

Nacrite-7A Nacrite-8.4A Super hydrated kaolinite (Hwang et al. 2017)"!
x ] 0.161(1) x ] 0.098(1) x | 0.17503) x | 0.10003) x | 0208 x | 0.005
y | 0318(2) y | 0.998(2) y | 0.143(7) y | -0.163(7) y | 0535 y | 0.020
All H1 All H1 All H1
z 0.211(1) © z 0.141(1) z 0.196(1) 0 z 0.132(1) z 0.332 © z 0.234
Uiso | 0.014(1) Uiso | 0.014(1) Uiso | 0.057(1) Uiso | 0.016(1) Uiso | 0.026 Uiso | 0.026
x | 0.502(1) x| 0.564(1) x | 0.508(3) x | 0.53703) x | 0748 x | 0.866
v | 030902) v | 0.6290) y | 0.143(6) v | 0.493(7) y | 0372 y | 0.199
Al = o215y | OM2 7 Tozsm | A2 72 Toz000) | 2 72 To2as) | A2 2 0340 | M2 [ [ 0458
Uiso | 0.014(1) Uiso | 0.014(1) Uiso | 0.057(1) Uiso | 0.016(1) Uiso | 0.026 Uiso | 0.026
x | 0.201(1) x | 0.195(1) x | 0.2303) x | 0222(3) x | 0972 x | -0.085
[y To46502) y 106270 | ... [y | 0304(7) y | 04787 | o.. | vy | 0371 y | 0549
S T 0010 | O™ 2 To27o) | U 2 To03s) | O™ 2 To2as) | 31 2 [ 0040 | O |2 | 0431
Uiso | 0.014(1) Uiso | 0.014(1) Uiso | 0.020(1) Uiso | 0.016(1) Uiso | 0.026 Uiso | 0.026
x| 0.364(1) x | 0.381(1) x | 0.408(3) x | 0.3743) X | 0498 X | 0.087
[y T098103) y 101873) | ... | y | 0.827(6) y 100457 | ... | v | 0187 y | 0.860
2 H4 2 H4 2 H4
S2 = T o0150) | © Z 10280 | >2 2 003701 | © 2 02400 | S22 [oo0as | © z | 0414
Uiso | 0.014(1) Uiso | 0.014(1) Uiso | 0.020(1) Uiso | 0.016(1) Uiso | 0.026 Uiso | 0.026
x | 0.231(2) X 0.280(5) X 0.290(1) X 0.010 X 0.102
y 1 0.7573) y | 0.591(7) y | 0.1192) v | 0378 y | 0441
1 1 1 1 1
© z | 0.992(1) 0 z 0.016(3) ow Z 0.380(8) © Z 0.217 ow z 0.697
Uiso | 0.014(1) Uiso | 0.016(1) Uiso | 0.016(1) Uiso | 0.026 Uiso | 0.027
x | 0.291(2) X 0.314(5) X 0.609(1) X 0.087 X 0.586
y | 026003) y | 0.088(7) y | 0.173(2) y | 0.706 y | 0330
02 = T 0.980(1) O I T00032) | OV 77 To36s3) | 2 [2 | 0219 | OV 2 [ 0697
Uiso 0014(1) Uiso 0016(1) Uiso 0016(1) Uiso 0026 Uiso 0027
x | 0.008(1) X 0.039(3) X -0.142 X 0.554
v | 0.405(3) y | 027009 y | 0532 y | 0.645
03 z | 0.983(1) 03 z | -0.004(2) O3 z -0.029 OWs3 zZ 0.730
Uiso | 0.014(1) Uiso | 0.016(1) Uiso | 0.026 Uiso | 0.027




Nacrite-7A

Nacrite-8.4A

Super hydrated kaolinite (Hwang et al. 2017)"!

x | 0.279(1) x | 0.296(3) X 0.268
y | 0.441(3) y | 0.258(7) y | 0318
04
04 z | 0.136(1) 04 z 0.130(1) z 0.000
Uiso 0014(1) Uiso 0016(1) Uiso 0.026
x | 0.462(1) x | 0.487(3) x | 0242
y | 0.99902) y | -0.162(7) y | 0.745
05
05 z | 0.135(1) 05 z 0.133(1) z -0.030
Uso | 0.014(1) Uso | 0.016(1) Uo | 0.026




Table S3. The atomic positions for the nacrite-8.4A phase from the computational structure prediction.

Nacrite-8.4 A (structure prediction)

x| 0311 x] 0.038 x| 0.083 x| 0382 x| 0.188 x| 0.150 x| 0.469 x| 0417
All [y] 0957 | sil [y] 0281 ] o1 [y]0981 ] 09 [y|o0856| 017 [y] 0.764 | OHI [y| 0152 | oH9 [y]|o0.079 | owi |[y]| 0272
z| 0.002 z] 0.166 z| 0.198 z] 0201 z| 0.073 z] 0.945 z| 0.947 z| 0312
x| 0347 x| 0.065 x| 0.112 x | 0.409 x| 0.221 x| 0.170 x | 0.493 x| 0.289
A2 [ y] 0016 | si2 |y 0614 ] 02 [y]0914] 010 [y]| 0040 | 018 |y[o0.168 ] OH2 [y] 0.821 | oHI10 |y]| 0.848 | Oow2 |y] 0.768
z| 0507 z| 0.666 z| 0.692 z| 0.707 z] 0571 z| 0451 z | 0.449 z] 0327
x| 0.816 x| 0.534 x| 0.582 x| 0.878 x| 0.681 x| 0.661 x| 0.967 x| 0.933
A3 [y| 0458 | si3 [y|0778 ] 03 [y|0480 | 011 [y|0355] 019 [y]| 0260 | OH3 |y]| 0.646 | OHII [y] 0612 | OW3 |y] 0.704
z| 0.009 z] 0.163 z| 0.197 z] 0.199 z] 0.071 z] 0.945 z| 0.959 z| 0315
x| 0.846 x| 0.564 x| 0.610 x| 0.904 x| 0.716 x| 0.670 x| 0.002 x| 0.788
Al4 | y]| 0473 | si4 [y[o0108] 04 [y]o0410] 012 [y|0535] 020 |y] 0.654 | OH4 |y] 0306 | oHI2 [y]| 0346 | OW4 |y] 0213
z| 0503 z] 0.667 z| 0.689 z] 0.699 z] 0.565 z] 0.448 z | 0.448 z] 0.325
x| 0.151 x| 0.207 x| 0.166 x| 0.005 x| 0313 x| 0.284 x| 0.450
Al5 [ y| 0456 | Si5 [y| 0773 ] 05 [y|o0484| 013 [y|o0312] 021 |y]| 0257 | OH5 |y] 0.644 OW5 |y 0495
z| 0.007 z| 0.170 z| 0.206 z| 0.070 z| 0.068 z| 0.951 z| 0.828
x| 0.180 x| 0237 x| 0.196 x| 0.031 x| 0336 x| 0315 x| 0.652
Al6 | y| 0486 | Si6 [y|0126] 06 [y| 0404 ]| 014 [y|0595] 022 [y]| 0669 | OH6 |y] 0.305 owe6 |yl 0.113
z| 0.505 z] 0.667 z| 0.707 2] 0570 z| 0.571 z| 0.450 z| 0.823
x| 0.647 x| 0.703 x| 0.667 0.498 x| 0.802 x| 0.799 x| 0.076
Al7 [y] 0945 | si7 [y| 0269 ] 07 [y]|0975] 015 0.807 | 023 |y| 0749 | OH7 |y] 0.133 ow7 |y| 0.634
z| 0.007 z| 0.168 z| 0.201 0.067 z] 0.075 z] 0.956 z| 0.827
x| 0.677 x| 0.731 x| 0.698 0.531 x| 0.841 x| 0811 x| 0.945
A8 | y| -0.026 | Si8 [y|0619] 08 [y] 0897 ] 016 0.09 | 024 |y]| 0.155 | OH8 |y] 0.791 ows |y]| 0.107
z| 0.501 z| 0.661 z| 0.700 0.571 z] 0.566 z| 0.446 z| 0.804




Table S4. Selected interatomic distances of the original nacrite and nacrite-8.4A from structure refinement and
computational structure prediction at ambient condition, compared to the refined model of the super-hydrated
kaolinite at 4.1 GPa by Hwang et al. (2017).!!

Nacrite-7A N?gé}?nif)‘& Super hydrated kaolinite (s tml\iilljrr;t;rgeéion)
Al1-04 1.968(11) 1.953(9) 1.916 All1-O/OH 1.904
All1-O5 1.965(11) 1.943(10) 1.855 Al2-O/OH 1.894
All-OH1 1.915(12) 1.924(9) 1.919 Al3-O/OH 1.896
All1-OH2 1.876(11) 1.955(9) 1.949 Al4-O/OH 1.900
Al1-OH3 1.899(11) 1.938(9) 1.902 Al5-O/OH 1.895
All1-OH4 1.918(11) 1.954(9) 1.896 Al6-O/OH 1.895
Mean 1.924 1.945 1.906 Al7-O/OH 1.900
Al2-O4 1.991(11) 1.959(9) 1.929 Al8-O/OH 1.900
Al2-O5 1.975(10) 1.948(9) 1.936
Al2-OH1 1.960(11) 1.966(10) 1.899 Mean 1.898
Al2-OH2 1.889(9) 1.978(9) 1.882
Al2-OH3 1.864(11) 1.990(9) 1.893
Al2-OH4 1.870(11) 1.982(9) 1.948
Mean 1.925 1.971 1.915
Sil-O1 1.615(9) 1.617(10) 1.661 Sil-O 1.615
Sil1-02 1.597(9) 1.614(10) 1.596 Si2-O 1.627
Sil1-03 1.609(9) 1.612(10) 1.670 Si3-0 1.617
Sil1-04 1.686(8) 1.616(10) 1.638 Si4-O 1.624
Mean 1.627 1.615 1.641 Si5-0 1.627
Si2-01 1.591(9) 1.622(10) 1.612 Si6-O 1.623
Si2-02 1.580(9) 1.608(10) 1.630 Si7-0 1.627
Si2-03 1.604(9) 1.610(10) 1.616 Si8-0 1.612
Si2-05 1.736(8) 1.619(10) 1.631
Mean 1.628 1.615 1.622 Mean 1.621
OW1-0O1 2.89(14) 3.21 OW-O/OH >2.399
OW1-02 2.30(15) 3.01
OW1-03 2.51(15) 3.72
OW1-OH2 2.72(16) 3.19
OW1-OH3 2.91(13) 2.67
OW1-OH4 2.84(12) 3.47
OW2-0O1 2.93(15) 3.25
OW2-02 2.73(13) 3.58
OW2-03 2.65(11) 2.65
OW2-OH2 2.57(14) 3.14
OW2-OH3 2.83(10) 3.54
OW2-OH4 2.63(14) 2.66
OW3-03 2.65
OW3-04 3.01
OW3-05 3.17
OW3-OH2 2.60
OW3-OH3 3.78
OW3-OH4 3.89
2.77(17) 2.61 OW-OW  2.638-2.925
OW1-OW2 2.96(12)
OW1-OW3 2.62
OW2-OW3 2.78
Basal spacing 7.19 8.40 9.32 8.32
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