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Abstract: The structural chemistry of carbonates under mantle conditions facilitates our understanding
of carbon recycling pathways in the earth’s interior. It also has impacts on the dynamics of mantle-slab
interactions. Aragonite is a common calcium carbonate mineral in pelagic marine sediments.
The structural chemistry of single-crystal aragonite during successive compression and the behavior
of a structural H* have been investigated by micro-vibrational spectroscopy and synchrotron X-ray
diffraction techniques in diamond anvil cells. We describe a reduction of the b-axial compressibility
beginning at ~15 GPa, and the related discontinuities in the first-order derivatives of the vibrational
modes. The structural modifications of aragonite are manifested by mutations occurring in the
pressure relations of the wavenumbers of the O-C-O bending modes, and of the bandwidth and band
intensities of the measured internal and external modes. These anomalies are indicative of changes
occurring in the force constant of the C-O bonds, and possibly a second-order phase transition.
Besides, the [CaOg] polyhedra begin to deform, possibly with some Ca-O bonds becoming elongated
and the others shortening. An increase in the co-ordination number for the Ca?* sites could be
expected under higher pressures. Additionally, the weakening of the OH modes may imply H*-loss
from the aragonite lattice above 11.5 GPa.

Keywords: calcium carbonate; crystal chemistry; OH bands; diamond anvil cell

1. Introduction

Plate tectonics theory outlines the subduction process of the oceanic lithosphere at the interface
of convergent plates [1]. Geophysical observations [2] and mineralogical evidence [3] extend the
subduction region to the 660 km discontinuity and depict the retention of slabs at the topmost of the
lower mantle. By the subduction processes, sedimentary carbonates are transported into the earth. Asa
vital carrier of carbon, carbonates play a key role in connecting surficial volatiles with those in the earth’s
interior, which helps maintain a habitable environment [4,5]. Studies on the high-pressure behaviors of
carbonates provide fundamental information for our understanding on decarbonation reactions under
upper mantle conditions [6]. Besides, existence of carbonates in the Earth’s mantle decreases the melting
point of mantle peridotite and promotes partial melting. This provides a predisposition for geochemical
and geophysical anomalies locally or planet differentiation on a large scale [7]. In consideration of the
relative coldness of the subducted slabs at subarc depths [8], a certain amount of carbonates would
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survive from consumption reactions (e.g., decarbonation, dissolution, melting or interactions with
surrounding silicates) at the early stage of subduction and migrate to deeper regions [9]. The crystal
chemistry of carbonates under deep mantle conditions exerts a significant effect on the geophysics of
the slab and the dynamics of mantle-slab interactions [10,11]. For instance, pressure-induced phase
transitions of calcium carbonates changes shear sound velocities [11], offering insights into the seismic
discontinuities detected at the depth around 700 km in the vicinity of the sinking slabs [12]. Moreover,
the subducted carbonates are accepted as carbon sources and parental media of sublithospheric
diamonds (crystallized at depths in excess of 300 km) [13-16]. Carbon reduction pathways from
surficial carbonates to diamonds do not merely relate to the dynamics of Earth carbon recycling
but are a good lead indicator of the variation of oxygen fugacity along subduction geotherms.
So, the high-pressure crystal chemistry of carbonates has been a hot topic for decades.

Aragonite CaCOs (Pmcn and Z = 4) is a commen calcium carbonate mineral in pelagic marine
sediments. It shows a greater stability over its homomorphic polymorph, calcite (R-3c and Z = 6),
above 0.3-2 GPa [17,18]. Aragonite had long been considered a stable CaCOs-polymorph in the
earth’s interior from megapascals regimes to the lower mantle. However, more and more scholars
put forward different views on its stability. An early shock compression experiment has suggested a
displacive phase transition of aragonite at 5.5-7.6 GPa and possibly another at ~16 GPa [19]. These
observations are, however, inconsistent with subsequent studies. Kraft et al. [20] and Gillet et al. [21]
insist that aragonite persists to at least ~30 GPa using vibrational spectroscopic techniques, in line
with theoretical results [17,18,22]. Upon higher pressures, Santillin and Williams observe a strong
lattice strain of aragonite through the X-ray diffraction (XRD) technique. The occurrence of the lattice
strain may mark the onset of a sluggish transition to a trigonal structure at 35-40 GPa [23]. Soon
afterwards, however, Ono et al. [24] dismiss the trigonal structure but are in favor of an orthorhombic
structure, post-aragonite, with the space group of P212;2 and Z = 2. Discordant with the experimental
results, attempts using theoretical methods declare that the space group of post-aragonite is Pmmn and
Z =21]17,18,25]. Recent advances using calculations and the XRD technique demonstrate that aragonite
stabilizes until 35 GPa, above which, a distorted aragonite structure named aragonite-II sets in [26,27].
Simultaneously, a monoclinic structure termed CaCOj3-VII (P21/c-1 and Z = 4) has been suggested to
be more energetically favorable under pressures of 23-50 GPa in an extensive temperature range of
300-2500 K [11,22,26-29]. CaCOs-VII could be considered an intermediate phase in the transformation
from aragonite to post-aragonite [22,28].

Previous studies provoke a long-term debate on the structural stability and phase transitions of
aragonite upon pressure. Regardless of controversies, these studies using the powder sample generally
believe that aragonite preserves stable to the topmost of the lower mantle (~25-30 GPa), where it
transforms to CaCOj3-VII and further to post-aragonite at ~40-45 GPa with weak Clapeyron slopes
(Figure 1). However, a single-crystal specimen is much more sensitive to the changes of pressure than
powder. Single-crystal XRD is a useful technique to identify structure of materials, which proves to
improve high-pressure phase diagrams determined by powder samples [30,31]. An intensive study
using a single-crystal specimen of calcium carbonate proposes a triclinic structure CaCO3-VI (P-1 and
Z = 2) above 15 GPa [32]. This structure is likely to be the same as that observed but not identified
in a dynamic compression experiment [19]. Instead of a phase transition, however, the reduction of
the b-axis compressiblity is identified in aragonite at the same pressure in a recent single-crystal XRD
research [33]. Currently whether aragonite undergoes a transformation at the bottom of the upper
mantle or stabilizes but develops an axial stiffness remains an open issue. Besides, stiffness of axes is
particularly intriguing because it associates closely to the distortion of polyhedra and probably triggers
structural changes under higher pressures. For this purpose, a combination of Raman Spectroscopy
and Fourier Transform Infrared Spectroscopy (FTIR) techniques has been utilized to yield the structural
changes of single-crystal aragonite from atmospheric pressure to ~24 GPa. Because infrared and
Raman spectroscopy could provide crystal-structure information at the molecular level and the bonds
with different chemical and local environment have different pressure responses, we expect to find the
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systematic shifts of the external/internal mode wavenumbers by successive compression experiments.
Besides, with the improvement of analytical technique, the study of vibrational modes of a material
becomes more precise. Thus we could find the emergence of stuble changes that might have been
overlooked previously. Prior to the micro-vibrational measurements, synchrotron XRD experiments
have been performed to monitor the overall structural changes of aragonite up to 27.1 GPa. It is
known that different pressure media may lead to different results; thus, we check the high-pressure
behavior of aragonite at various hydrostatic conditions by using various pressure media in the XRD,
infrared and Raman spectroscopy measurements. These results will facilitate our knowledge of
the crystal chemistry of aragonite upon pressure. This is fundamental to disclose carbon recycling
pathways during subduction processes and evaluate its effects on the physicochemical properties of
the surrounding mantle.
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Figure 1. Phase diagram of CaCO3 under mantle conditions. The solid black lines depict the phase
boundaries as labeled. Two studies using single-crystal specimen of aragonite have detected a phase
transition or a reduction in the b-axis compressibility at ~15 GPa, respectively. The light gray zone
indicates the mantle geotherm [34]. The dotted arrow represents the experimental conditions presently.

2. Materials and Methods

2.1. Sample Description

A natural single-crystal of aragonite, crackless and transparent, formed in a
pseudOHexagonal columnar crystalline morphology, was selected for the high-pressure measurements.
Qualitative chemical analyses have been undertaken on a Scanning Electron Microscope (SEM) by
the method of Energy Dispersive Spectroscopy (EDS) at the Institute of Geology and Geophysics,
Chinese Academy of Science (IGGCAS), Beijing, China. Little impurity was detected except for
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Ca, C and O atoms present in the ideal CaCOj; formula. The crystal structure of the sample was
characterized using the X-ray diffraction (XRD) technique at the Institute of Tibetan Plateau Research,
Chinese Academy of Sciences (ITPCAS), Beijing, China. The XRD pattern indicates an orthorhombic
system (Pmcn and Z = 4) with the values of the lattice constants of ay = 4.9618(2) A, by = 7.976(2)
A, co= 5.742(2) Aand vV, = 226.9(1) A3 in agreement with the results for aragonite from previous
studies [33,35-39]. Prior to the high-pressure measurements, the aragonite crystal had been dried at
110 °C overnight to remove possible absorbed water on the surface.

2.2. Single-Crystal X-ray Diffraction (XRD)

A short-symmetric diamond-anvil cell (DAC) equipped with Boehler-Almax diamond anvils
of 380 um culets was employed for synchrotron single-crystal XRD experiments. A hole of 260 um
in diameter was drilled in a pre-indented rhenium gasket of 36 um in thickness as the sample
chamber. An aragonite crystal with the grain size approximately 20 x 30 x 15 um® was loaded
in the chamber, along with a piece of platinum for pressure calibration, which provides pressure
accuracy within 0.1 GPa [40]. High-purity Ne gas was loaded into the chamber at room temperature
via a COMPRES/GSECARS gas loading apparatus and a ruby sphere was used as an initial pressure
indicator [41,42].

In situ high-pressure XRD patterns were measured at beamline 13-BM-C at Advanced Photon
Source (APS), Argonne National Laboratory (ANL), Chicago, IL, USA. A monochromatic X-ray beam
with the wavelength of 0.43409 A was focused on a 15 x 15 um? spot. XRD images were collected
during the continuous rotation of the cell from —33° to +33°. The Pilatus3 1M detector parameters
were calibrated by a LaBg standard, and integration to conventional 20-intensity data was carried out
using Dioptas software. The indexing and refinement of the patterns were performed by a unitcell
program package.

2.3. Fourier Transform Infrared Spectroscopy (FTIR)

A symmetric DAC equipped with ultra-low-fluorescence diamonds (Ila type) of 400 pm culet
diameter was used for FTIR measurements An aragonite crystal of 25 um thickness, sandwiched
by two dried KBr layers that served as an infrared window and a pressure transmitting medium,
was enclosed in a 200 pm diameter hole in a 45 um thickness rhenium gasket. Pressure was determined
by a ruby fluorescence method [41], which provides a pressure accuracy of 0.1 GPa below 14 GPa and
0.2 GPa thereafter.

In situ high-pressure FTIR spectra were collected using a Bruker VERTEX 70V instrument at
IGGCAS, Beijing, China. A HeNe lamp was used as the light source to cover a spectral range of
650-4500 cm™!, coupled with a liquid nitrogen cooled Mercury-Cadmium-Telluride (MCT) detector.
A Bruker Hyperion 2000 microscope with a 10X objective was used to focus the beam on the sample
inside the cell. Each spectrum was measured with a spectral resolution of 4cm™~! and presents an
average over 640 scans after normalization against a background spectrum on an area of KBr in the cell
at the same pressure, with a total acquisition time of 550 s. Preliminary data processing was done by
the Opus software package through a Lorentz model.

2.4. Raman Spectroscopy

High-pressure polarized Raman spectroscopy were conducted using the same symmetric cell with
silicone oil as the pressure medium. The scattered Raman signal was measured through a WITec alpha
300R instrument (WITec, Ulm, Germany) equipped with a 532 nm solid-state laser. A long-distance
ZEISS 50x lens (NA = 0.55) was used with a 600 grooves/mm grating and the spectral resolution of
2.4cm~!. The Raman spectra were collected at a laser power of 12 mW, an acquisition time of 2 s and
an accumulation of 5. Data analyses were performed through the WITec Project 5.2 program (WITec,
Ulm, Germany).
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3. Results and Discussions

3.1. X-ray Diffraction of Aragonite up to 27.1 GPa

The single-crystal XRD patterns of aragonite have been collected with pressure increasing up to
27.1 GPa. The pressure-dependent unit cell parameters derived from the diffraction data are listed in
Table 1, with the relations plotted in Figure 2. No observable discontinuities are observed in the volume
relation, which indicates that aragonite maintains stability in the present conditions. This is consistent
with the findings of most previous studies [11,18,20-29,33]. A least-square fit of the compression data
to the third-order Birch-Murnaghan equation of state (BM EoS) yields the values of the bulk modulus
of the volume to be By = 71(5) GPa, By’ = 4.3(4) and V, = 228.3(8) A3, in accordance with the values
obtained by XRD [33,38] and Brillouin spectroscopy measurements [39].

Table 1. Aragonite unit-cell parameters and volume up to 27.1 GPa.

Pressure (GPa) a (&) b(A) c (&) V (A%)
0.9 4.960(7) 7.921(4) 5.719(2) 224.9(3)
26 4.932(7) 7.899(4) 5.667(2) 220.8(3)
438 4.902(7) 7.834(4) 5.589(2) 215.9(3)
7.6 4.859(7) 7.794(4) 5.515(2) 210.6(3)
10.1 4.812(6) 7.734(4) 5.464(2) 204.4(2)
119 4.798(6) 7.707(4) 5.424(2) 201.3(2)
129 4.779(6) 7.683(4) 5.378(2) 200.0(2)
137 4.770(6) 7.672(4) 5.357(2) 198.1(2)
16.4 4.749(6) 7.661(4) 5.306(2) 195.4(2)
192 4.729(6) 7.648(4) 5.246(2) 191.6(2)

21.6 4.709(6) 7.629(4) 5.195(1) 188.8(2)
235 4.691(6) 7.611(4) 5.148(1) 186.4(2)
25.3 4.678(6) 7.607(4) 5.112(1) 184.0(2)
27.1 4.666(6) 7.603(4) 5.078(1) 182.2(2)

In the pressure cycle, the a- and c-axis length decrease continuously. The c-axis exhibits similar
compressibility to that reported previously [33,37], but the a-axis shows a little higher compressibility.
This can be accounted for by the differences in the chemical compositions, crystal orientations and/or
pressure media used (different hydrostatic conditions) [43]. Besides, it should be noted that the H*
incorporated in nominally anhydrous minerals (NAMSs) has significant effects on the chemical and
physical properties. So, the effects of the structural H* (see the infrared spectra below) on the axial
compressibility cannot be excluded. The value of the modulus of the g-axis, calculated through the
modified BM EoS, is 141(3) GPa (and By’ = 4.99(1)), nearly triples 53(2) GPa (and By’ = 2.26(9)) of
the c-axis. The high degree of axial compression anisotropy is due mainly to the structure feature.
The aragonite structure is constituted by the coplanar [CO3]?>~ triangles parallel to the ab-plane and
the [CaOg] polyhedra arranging along the c-axis. The [CO3]?>~ units are rigid in comparison with the
[CaOy] polyhedra, and the [CaOy] polyhedra have longer Ca-O bonds along the c-axis yet shorter in
the ab-plane. As a consequence, the whole structure displays a compressible c-axis relative to a hard
ab-plane.

In spite of the continuous relations above, the fitting of the b-axis parameter to the modified EoS,
unexpectedly, cannot converge. A closer examination leads us to find that the data above 15 GPa
become less varied. Therefore, we describe the b-axis length in the pressure range of 0.9-13.7 GPa
and 16.4-27.1 GPa, respectively. The obtained value of the modulus of the b-axis is 116(9) GPa
below ~15 GPa, but it increases sharply to 333(42) GPa thereafter. The stiffness of the b-axis has been
overlooked by most XRD attempts using powder specimen, but identified in a single-crystal XRD
study by Palaich et al. [33]. The compressibility of the b-axial above ~15 GPa obtained here is a little
different from that in Palaich et al. [33]. This discrepancy can be accounted for by the difference in
the orientation of aragonite crystal and/or in the chemical composition (e.g., structural H*) of the
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aragonite specimen. Previously, Merlini et al. [32] has identified a triclinic structure CaCO3-IV above
15 GPa which is transformed from calcite. CaCOg3-1V has a higher density than aragonite yet with a
lower co-ordination number for the Ca sites. In the present study, no sign of formation of CaCOs-1V is
detected. So, we assume a superior structural stability of aragonite over CaCOs-IV above 15 GPa. The
stiffness of the b-axis indicates the onset of subtle structural modifications along the b-axis, but no more
information can be gained from the XRD data [33]. Some fine structural information is much easier to
capture by vibrational spectroscopy rather than XRD due to the strong pressure dependence of the
mode wavenumbers, full width at half maximum (FWHM) and intensities of changes in interatomic
distances that are subtle in the XRD patterns [44]. Thus, we conduct in situ high-pressure FTIR and
Raman spectroscopy measurements in the following.
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Figure 2. Lattice parameters of aragonite derived from X-ray diffraction (XRD) patterns upon pressure.
The uncertainty in the value is generally smaller than the symbol size. The dashed black curve
represents the fit of the data to the third-order Birch-Murnaghan equation of state (BM EoS). The XRD
data referred from Palaich et al. [33] (symbols with a cross in the center) and from Martinez et al. [36]
(half-closed symbols) are plotted for comparison.

3.2. Vibrational Spectra of Aragonite at Ambient Conditions

Theoretically, the symmetry of the optic modes of aragonite is describable as:
lotal = 9Ag(R) + 6B1g(R) + 6Bog(R) + 9B3g(R) + 6Ay(I) + 8B1y(IR) + 8By (IR) + 5B3,(IR) (1)

It consists of 21 IR-active (Infrared Spectroscopy, IR), 30 Raman-active (R) and 6 inactive
modes. Presently, 19 IR and eight R modes are observed (Figure 3) belonging to three spectral
groups [20,36,45,46]: (1) internal modes in the range of 600-1600 cm™!, (2) external modes in the
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50-350 cm™! region and (3) overtone bands over 1700-3000 cm™!. For internal modes, a diagnostic
band at ~1083 cm™! arises from O-C-O symmetrical stretching vibration (v1). Due to the lower site
group symmetry surrounding the [CO3]? units, the in-plane O-C-O bending mode (v4) splits into
two components positioned at 700.21(2) and 712.88(5) cm™!. Tt is also the case with the asymmetric
stretching mode (v3), which is manifested by a broad band over wavenumbers of 1300-1600 cm™! that
involves splittings of transverse and longitudinal components (Figure 3a). Likewise, the out-of-plane
vibration (1) is featured by three splitted bands centered at 842.36(2), 856.47(3) and 868.87(2) cm™!,
respectively. In addition, an overtone band with the mode wavenumber close to the combination of v,
and v, is present at 1790 cm™!. The other one of 14 plus v3 is around 2555 cm™!. Besides, the Raman
spectrum (Figure 3b) presents four external modes, Vg1, Vga, Vg3 and vgg, due to the rotations and
translations of the [CO3]?~ units or the vibrations of the Ca-O bonds. The polarized Raman spectrum
of aragonite collected here accords with that in Kraft et al. [20] and Carteret et al. [35]. Additionally,
three bands standing at wavenumbers of 3400-3600 cm ™! are clearly identified (Figure 3a), which could
be interpreted as resulting from the stretching vibration of structural OH. The two modes at ~2300 cm ™!
are due to gaseous (atmospheric) CO;. There stand three bands at 2800-3000 cm ™!, which have been
observed and assigned to C-H vibrations by previous studies [47]. This may come from organic
impurities on the surface of the sample crystal. Presently, we focus on the pressure dependence of the
internal modes (v1, V3, v4), external modes (vg1, Vgp, VE3) and OH vibrations.

|4 (a) Infrared Spectrum
Z 2
‘%
=
)
o
=
—
=
£l uy u+ns
<
&
= v (€] C-H
OH"
1 1 1 1 1 1
1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)
(b) Raman Spectrum
Y
>
Z
7
=
3
2
=
—
g 160 200 240 280 320
g
& |V
Viz
/Vl-:. Vi
G\ i
1 1 1 1 1 1
200 400 600 800 1000 1200

Raman Shift (cm™)

Figure 3. (a) Infrared and (b) Raman spectrum of aragonite at ambient conditions corrected for
background effects.
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3.3. Vibrational Spectra of Aragonite upon Pressures below 15 GPa

Representative infrared and Raman spectra of aragonite during compression are illustrated in
Figure 4, each with a pressure-released spectrum plotted at the bottom. To explore the pressure
dependence of the vibrational modes in detail, we derive the band positions, bandwidth and the
intensities of the main external/internal modes under various pressures (Tables 2 and 3). The majority
of the measured modes exhibit a systematic increase of peak positions upon pressure. For example,
the two v4 bands blue-shift progressively at a linear slope (5,/6p) of 1.42(1) cm™'-GPa™! for the
700.21(2) cm~! band and 1.95(4) cm™!-GPa~! for 712.88(5) cm~! (Figure 5a). Due to the difference in
the pressure coefficient, the two v4 bands display an increasing separation with increasing pressure.
Kraft et al. [20] and Gillet et al. [21] have, respectively, reported the splitting of the two v4 bands of
aragonite upon pressure. To the best of our knowledge, this increased splitting has arisen from two
effects: an increasing asymmetry of the local crystal field of the [CO3]?>~ unit and the distortion of
the [CO3]%*™ unit itself. White [45] has contended that, in carbonates, the distortion of the [CO3]*>~
units plays a role in the magnitude of the site-group splitting. Especially for aragonite, the C-O bond
length and the O-C-O angle grow more unidentical in the course of compression [20,33,38]. As a result,
we infer that the increased splitting of the v4 components under compression could be accounted for
by the substantial angular and spacing variations of O-C-O.

V, V3
(a) Vi 42
‘? le.s 215
g E Y Y 17.5
] 14.5
= 1.5 145
T
115
= 7.5
&
= 4.4 75
44
13 1.3
P4 0.0001 P 0.0001
700 720 740 760 800 840 880 920 1000 1200 1400 1600 1800 2400 2800 3200 3600
Wavenumber (cm")
(b) Vi2 Vi1 Vi
| 2K]
Z Vi1
g 23.5GPa
o
=
o 16.0 GPa
=
: 1y
5 10.5 GPa
a7
5.2 GPa
0.0001 (M \
1 1 1 1 1 1 1 1

100 200 300 700 750 1050 1100 1150
Raman Shift (cm™)

Figure 4. (a) Infrared and (b) Raman spectra of aragonite as a function of pressure with the background
subtracted. The spectra labeled by P| was collected after decompression. In (b), the scale of the
lower-wavenumber data (<~800 cm™') has been trebled for greater clarity.
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Table 2. Wavenumber, full width at half maximum (FWHM) and intensity of infrared modes of aragonite versus pressure.
Pressure Ve Va2 V2 VOH
Intensit Intensi
(GPa) Wa(:::;l_t;r)nber l:gn}}?;[ (Countszl Wa(::e:_t;r)nber 12:’:}?;[ ( Countg Wavenumber (cm~1) Wavenumber (cm—1)
0.0001e 700.21(2) 3.23(5) 53,045(625)  712.88(5) 7.87(2)  118,883(928) 842.36(2)  856.47(3)  868.87(2)
0.0001 (PJ) 700.54(6) 3.62(3) 65135(742)  713.11(3) 797(5)  119,105(833) 843.61(3)  857.26(4)  869.28(4)
13 702.23(5) 9.05(3) 52,855(533)  715.81(2) 10.80(6)  102,445(863) 844.25(4)  856.30(2)  867.39(2)  3399.19(2) 3541.16(6) 3606.41(1)
23 703.66(3) 8.74(2) 40,114(528)  718.34(5) 11.403)  115321(631) 843.35(2)  85524(3)  868.19(6)  3394.22(1) 3530.50(1)  3600.23(2)
35 705.59(5) 9.77(6) 46,036(631)  720.37(6) 11.65(6)  95356(742) 842.58(5)  853.64(3)  867.23(2)  3388.58(6) 3524.58(6) 3589.31(4)
44 706.28(6) 10.50(5) 32201(561)  722.86(1) 12.68(3)  86,498(849) 842.98(4)  854.87(4)  868.23(3)  3380.79(2) 3515.44(6) 3587.23(6)
55 708.33(2) 10.59(6) 36,262(763)  724.29(2) 12.67(6)  85205(561) 842.27(5)  852.27(2)  868.06(5) 3374.15(1) 3508.65(1) 3579.61(7)
6.4 709.68(3) 1214(2)  34324(831)  726.72(1) 13.50(1)  72,669(763) 841.50(3)  852.38(5)  867.56(4)  3368.15(5) 3503.28(5) 3577.74(7)
75 711.19(1) 12.31(5) 29,625(731)  728.21(1) 14.73(2)  64,652(628) 841.65(3)  851.15(6)  868.69(6)  3359.49(6) 3496.99(7)  3571.05(5)
8.5 712.20(2) 13.52(3) 32,568(649)  730.92(5) 1622(6)  51,912(729) 840.44(2)  851.01(2)  867.51(3) 3355.12(2) 3491.81(6) 3565.48(1)
95 713.53(5) 1547(6)  27,842(463)  732.31(6) 1743(1)  58946(561) 842.62(5)  852.52(5)  868.59(5)  3350.50(6) 3490.91(2)  3561.20(4)
105 715.06(2) 1520(1)  24,104(561)  735.02(3) 1822(3)  58,643(549) 841.53(4)  850.60(2)  866.62(4)  3344.05(1) 3488.59(1)  3557.30(2)
115 717.09(3) 16.99(6) 22,518(442)  736.61(3) 19.24(2)  47,827(633) 842.21(4)  851.83(4)  867.24(6)
134 719.38(6) 19.30(2) 24,095(633)  739.35(5) 22.15(5)  62,242(525) 840.24(2)  851.45(4)  868.42(2)
145 721.09(5) 20.10(3) 24,095(725)  741.76(3) 23.13(3)  53,516(631) 841.06(3)  851.53(3)  867.10(4)
17.5 722.99(2) 21.07(6) 47,782(731)  745.24(6) 2426(6)  70,728(528) 839.54(4)  850.81(2)  867.25(4)
215 725.18(6) 19.48(5) 46,558(763)  748.17(5) 2528(1)  56,595(649) 840.62(2)  851.33(5)  866.64(3)

0.0001e refer to the data collected at ambient conditions outside diamond anvil cell. 0.0001 (P]) represent the data obtained after decompression within DAC. The number in the parentheses
represents one standard deviation in the right-most digit.
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Table 3. Experimentally determined Raman mode wavenumber, FWHM and intensity of aragonite as a function of pressure.

VE2 VE3 V1
PEE;SIS):; ¢ Wavenumber FWHM Intensity Wavenumber FWHM Intensity Wavenumber FWHM Intensity
(cm™1) (cm™1) (Counts) (cm™1) (cm™1) (Counts) (cm™1) (cm™1) (Counts)
0.0001e 152.8(1) 8.0(1) 3012(66) 205.5(1) 10.2(2) 2965(68) 1082.19(1) 3.63(2) 4268(48)
0.8 154.2(2) 9.2(7) 2952(78) 208.8(3) 13.2(9) 3064(131) 1084.97(1) 4.33(4) 4826(52)
2.0 159.6(2) 7.0(7) 1837(80) 217.9(1) 8.23(3) 2660(93) 1090.56(2) 4.53(7) 3300(38)
5.2 167.2(2) 7.4(7) 1356(95) 232.0(1) 6.3(3) 2246(93) 1098.99(1) 5.00(4) 4187(40)
7.5 173.4(2) 10.0(8) 1247(98) 245.0(1) 5.7(3) 1842(81) 1107.37(1) 4.92(4) 5413(59)
10.5 177.8(1) 9.6(6) 1168(97) 257.6(2) 8.3(6) 1621(97) 1115.40(4) 5.44(12) 5519(138)
12,5 181.5(1) 9.0(5) 1435(65) 265.5(1) 7.3(3) 1510(56) 1121.44(4) 5.88(11) 3263(73)
14.2 185.7(1) 9.1(4) 1937(77) 270.2(1) 7.2(3) 1642(66) 1124.46(2) 6.26(8) 4085(62)
16.0 189.3(1) 10.1(4) 2327(74) 275.8(2) 9.5(7) 1802(70) 1128.03(2) 6.38(7) 5384(64)
17.5 193.6(1) 12.6(5) 2600(96) 280.5(5) 15.0(9) 1981(97) 1130.27(2) 7.03(8) 3800(40)
19.0 195.9(1) 15.2(6) 3080(100) 281.6(8) 22.3(10) 2191(122) 1132.53(2) 8.30(10) 4206(34)
20.5 198.6(2) 18.8(7) 3509(99) 288.1(9) 28.0(10) 2558(143) 1135.16(2) 9.7409) 8270(86)
23.5 203.2(2) 23.6(9) 3845(94) 290.4(6) 41.0(11) 3270(108) 1140.52(6) 13.27(23) 6909(149)
20.0 200.7(2) 21.6(9) 3703(94) 287.2(5) 32.4(12) 3038(160) 1138.20(5) 11.77(20) 8849(159)
17.5 196.8(2) 20.7(9) 3807(104) 279.2(7) 28.2(13) 3205(163) 1132.84(6) 9.82(25) 8354(301)
45 168.9(1) 17.8(8) 4897(131) 229.8(3) 21.7(10) 3825(125) 1096.16(2) 6.58(8) 5389(84)
0.0001 (P]) 153.0(2) 17.4(9) 6343(142) 205.0(4) 16.9(10) 4068(193) 1082.63(1) 5.09(4) 4722(35)
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Figure 5. Mode wavenumbers versus pressure plot for aragonite. The relations in (a) in-plane O-C-O
bending modes, (b) out-of-plane O-C-O bending modes and (e) the stretching vibration of OH are
derived from the infrared spectra and in (c) O-C-O symmetrical stretching vibration and (d) O-C-O
asymmetric stretching vibration from the Raman data. The closed/open symbols denote data measured
during the upward/downward cycle of pressure. Symbol size generally exceeds the estimated standard
deviations of the mode wavenumber. The dotted curves are the least square fittings to the data.

Different from v4, the v, mode wavenumbers exhibit much smaller variations upon compression
(Figure 5b). The linear pressure coefficients are yielded as —0.18(4), —0.45(6) and —0.01(3) cm~1-GPal,
respectively, for 842.36(3), 856.47(3) and 868.87(2) cm~!'. The negative pressure dependence is a
generic property of most carbonate minerals and has been suggested to be resulted from an increasing
strength of the Ca-O bond upon pressure [20,21,46]. The integral absorbance of the three v4 bands,
which originally decreases in the order of 868.8 > 856.4 > 842.3 cm™!, reverses above 11.5 GPa. It is
known that the out-of-plane bending modes exhibit strong pressure dependence of the intensity on
the internal stress. Given that no anomalies are detected in the XRD patterns or the Raman spectra at
similar pressures, we attribute the variations in the mode intensities to the pressure gradient generated
within the KBr medium and the associated occurrence of shear strains within the sample.
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The v mode shifts to higher wavenumbers along a continuously quadratic pattern (Figure 5c).
This indicates that the main characteristics of the [CO3]%~ units are unchanged. The shift rate reduces
in a stepwise manner from 3.72(9) at atmospheric pressure to 3.6(1) cm™"-GPa~! at 23.5 GPa. Even
though the [CO3]>~ unit behaves as a rather rigid group, the high wavenumber modes generally show
a greater increase in wavenumber as pressure is increased.

The external modes, vg; and vgs, blue-shift along quadratic patterns continuously, whereas the
vp1 band shifts reversely on compression (Figures 4b and 5d). In the entire pressure range, the pressure
coefficients of the vg; mode is ~2.5 cm~!-GPa~! and of vg3 reduces from 5.9(1) at atmospheric pressure
slightly to 5.7(2) cm~'-GPa~! at 23.5 GPa. The mode shifts obtained here are in general agreement
with those measured in previous studies [20,21], except that the vg3 band displays a steeper slope here.
Differences in aragonite specimen, pressure medium and pressure range, etc., could account for this
discrepancy. In spite of the discrepancy, our study and the previous studies find that the internal
modes undergo smaller pressure shifts than the external modes. This indicates that, in comparison
with the [CO3]?~ units, the [CaOg] polyhedral are more compressible and they bear the compaction of
the volume dominantly.

At the molecular level, the site and stability of H" in minerals is dependent upon the bond
strength and the local geometry; both are constrained by the co-ordinated polyhedral. Here, we report,
for the first time, the existence and evolution of H* within aragonite lattice upon pressure. Firstly,
the difference in the shape of the three OH bands (Figure 4a) is attributed to the difference in their
chemical and structural environments. This is due to the fact that the O?~ co-ordinated with Ca?* or
C** are nonequivalent [33]. Secondly, all the OH modes exhibit a decrease in band wavenumbers with
increasing pressure (Figure 4a,e). There are two factors controlling the direction of the shift of the
OH mode wavenumbers. For OH modes at higher wavenumbers, the H-bonds are weaker and the
blue-shift of the peak position is due dominantly to the compression of the local structure. For OH
modes with lower wavenumbers, the H-bonds are stronger and the red-shift of the peak position
is controlled mainly by the compression of the H-bond. The pressure shifts of the OH modes are
all negative in the present experiment, thereby implying that the compression of the local structure
is the dominating process. It is noteworthy that the three OH bands have similar pressure slopes,
which implies that the H" within the lattice have OH bonds of similar strength. As pressure is
increased to above 11.5 GPa, the three OH bands become unregistered against the background and
replaced by a broad band. The emergence of the broad band may be arisen from (1) the orientational
disorder of H* in the lattice, (2) a statistical distribution of H" across multiple environments due to the
pressure-induced redistribution of H*, (3) the generation of the pressure gradient and/or (4) H-loss
upon compression. The third should be excluded because the initial intensity of the OH bands do not
come back as pressure is released. If there is no H-loss, the change of the integral absorbance would be
a sign of the pressure-dependent absorption coefficient according to Beer-Lambert law.

3.4. Vibrational Spectra of Aragonite above 15 GPa

During further pressure growth to above 14.5 GPa, some anomalies should be noted. The two
in-plane bending bands (v4) have a pressure shift reduced to approximately 1/3 of those below 14.5 GPa.
Specifically, the pressure coefficient reduces from 1.42(1) to 0.54 cm™"-GPa™! for 700.21(2) cm™!
and from 1.95(4) to 0.72 cm~1-GPa™! for 712.88(5) cm ™! (Figure 5a). We acknowledge that a loss
of hydrostatic pressure is partly responsible for these mutations. However, the stiffness of the
b-axis and the discontinuities of the first-order derivatives of the bandwidth and the mode intensity
appear consistently at ~15 GPa (please see the below) at different pressure medium conditions.
Thus, we propose that there appear somewhat structural modifications. Theoretically, in a simple
vibrator model, the mode wavenumber is proportional to the square root of force constant. Thus,
the mode hardening of v, reflects that the increased coupling between the [CO3]?~ units more than
counterbalances the increase in the normal force constant of the bending vibration above 14.5 GPa.
Concurrently, the pressure shifts of the out-of-plane bending bands (v;), 842.36(3) and 856.47(3) cm™,



Minerals 2020, 10, 924 13 of 18

change from —0.18 to 0.26 and —0.45 to 0.12, respectively (Figure 5b). In contrast, the band with the
highest wavenumber, 868.87(2) cm~!, becomes more sensitive to pressure with a negative dependence
of —0.15 cm~!.GPa~!. This implies that there generates more anisotropic strength in the connected Ca-O
bonds. There are only two external modes that could be reliably measured here, but Gillet et al. [21]
have plotted pressure dependence of five external modes of aragonite. These modes show increases
in mode wavenumbers upon pressure along various (linear or quadratic) slopes, which also indicate
that the Ca-O bonds turn to be more anisotropic upon pressure. We notice that, in Gillet et al. [20],
the mode wavenumber of the 209 cm~! band becomes fluctuated violently in the pressure range of
10-20 GPa. This is not detected here. We have no simple explanation for this phenomenon, but note
that the solidification of the pressure medium could matter or it may indicates somewhat changes in
the Ca-O bonds.

Perhaps the most notable aspect of the vibrational spectra is the variations of the FWHM and the
intensity of the modes against pressure (Figure 6). With pressure increment to 13.4 GPa, the two v4 bands
exhibit a substantial growth in the magnitude of the bandwidth (increase by a value of ~20 cm~!) and a
substantial decrease in the intergal absorbance (by a factor of ~5). But as the pressure further increases
(from 14.5 to 21.5 GPa), the bandwidth and the intensity become almost unchanged (Figure 6a,c).
Meanwhile, the width of the diagnostic band of the [CO3]?>~ unit, vy, initially increasing gently as
pressure increases, becomes broader and broader in a much more progressive way above 14.2 GPa
(Figure 6b). Concomitantly, the pressure-width relation of the vgy and vg3 bands displays a turning point
from a gentle variation to a dramatic increase. These anomalies imply that, above 14.2 GPa, a growing
anisotropic behavior occurs in the C-O bonds. Another anomaly lies in the pressure-dependence
of the vpy and vg3 band intensities, which change from a decreasing trend to an increasing trend at
14.2 GPa (Figure 6d). The continuous increase in intensity may be originated, at least partly, from the
strengthened interaction of the corresponding Ca-O bonds upon pressure.

(a) ! oV (b) ! 414
25 -2 W3
@ 40 "' right-Y Vi x ;
.Q I 7
R I 412
201 ../l. Vi I
~ ! 30 ! / -
e o: o ! a 1=
st o N ' ' / [ B2 z
= o H | | ' 2 =
= ....- | | ‘ / 18 =
= o® ; 20 | A g
10k ... | I u i
= AA / ~
o™ | AAT on 1
// : .A A A : /I/
5/ 10 —m- | ]
/ [ 7 | | )¢ 14
" . i3, 33
| |
0 1 1 1 1 1 1 1 1 1 1 1 1 Z
: : 9,000
(c) 4,000 (d)
1200001 @ ! = risht-YVI A @ M
[} | ] L\ - 8,000
| | [N
100000 @ I I [ Vs
z ® I | ﬁ/ x 17,000
2 | 3ot g | | £}
E L) \ / | s
g 80000 I \@ I e {6000 Z
2 ® ' o \ A s | =
2 [ ] P \ o A4 Y 3
£ 60,000 Y | \ / \ A, 45000 £
H am ° ® ® Vi 2000 A\ ), \ o \@ ] !
- \m ® | A oy “ . @ e
40,0001 m\ - | A A o /R ‘A 44,000
| .. | A i\* /A" |
_ —n |
20,000} i ..| 1000 | 43,000
) ) \ ) . . , ) ) ) ) A
0 5 10 15 20 25 0 5 10 15 20 25
Pressure (GPa) Pressure (GPa)

Figure 6. (a,b) FWHM and (c,d) intensity of selected IR or Raman modes of aragonite versus pressure
with appropriate error bars shown.
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3.5. Vibrational Spectra of Aragonite upon Decompression

In the course of decompression, the mode wavenumbers return to their initial values at
corresponding rates after delay of the order of 30 min. Compared with the initial spectra, there are an
intensity loss and a moderate increase in the bandwidth (Figure 4). This reflects that the inter-bonding
within the [CO3]?~ units has changed upon pressure. Besides, the weakening of the intensity of the
OH bands is irreversible, implying that the H* redistribution or disorder retains upon decompression.

3.6. Mode Griineisen Parameters

In the light of the mode pressure coefficients (6,/0p) and the bulk modulus (By = 71(5) GPa),
the mode Griineisen parameters () of aragonite are readily obtained through y; = (Bo/vig)(6./6p),
where v;y is the wavenumber of the i mode at ambient conditions (Table 4). The internal modes
exhibit significantly lower y values (0.0008-0.24) relative to those of the external modes (1.16 and
2.03), and this is consistent with the results of Kraft et al. [20]. This reflects that the compression of
the aragonite volume is mainly attributed to the reduction of the [CaOy] polyhedra. Similar results
have been observed in carbonate minerals previously [21,44]. Furthermore, the pressure slopes of the
modes below ~15 GPa and above ~15 GPa are used, respectively, for the calculation. The y values of
the in-plane bending modes dramatically decrease, from 0.14 to 0.05 for the 700.21(2) cm™~! band and
from 0.19 to 0.07 for 712.88(5) cm™~!. The y values of the out-of-plane bending modes also changed.
In contrast, the two external modes remain similar y values in the entire pressure cycle. This reflects
that the [CO3]?~ units have become very rigid upon pressure, whereas the [CaOg] polyhedra experience
considerable compression.

Table 4. Vibrational modes for aragonite, their pressure dependences § and the calculated mode
Griineisen parameters.

-1.GPa! i (Bg = 71 GPa)
Modes v (cm™1) p (cm a™) vi Bo 2 Assignments
<15GPa >15GPa <15GPa >15GPa
Vi 700.2(1) 1.42(1) 0.54 0.14 0.05 O inolane bend
Vao 712.8(1) 1.95(4) 0.72 0.19 0.07 C-O in-plane bending
Vo1 842.3(1) ~0.18(4) 0.26 0.01 0.02
Voo 856.4(1) —0.45(6) 0.12 0.03 0.009 C-O out-of-plane bending
Vo3 868.8(1) —-0.01(3) 0.15 0.0008 0.01
1 1082.19(1) 3.72(9) 3.6(1) 0.24 0.23 C-O symmetrical stretching
V2 152.8(1) 2.5(1) 2.5(2) 1.16 1.16 L
VES 205.5(1) 5.9(1) 5.7(2) 2.03 1.96 External vibration

vjo: Initial wavenumber (cm™?) of a vibrational mode at atmospheric pressure. = 6,/0p: Pressure dependence of a
mode at room temperature in cm-GPa!. Linear shifts of v, and v, are derived from the infrared spectra and of v;
and vg from a quadratic fit to the Raman data. The error is given in the bracket. y;: Mode Griineisen parameters are
calculated by y; = (Bo/v;)(6,/6p) considering By = 71(5) GPa.

4. Concluding Remarking

The structural stability and phase transition of aragonite upon pressure is an unfailing hot
topic of research. The present study has generated a novel vibrational spectroscopic picture of
aragonite with discontinuities of the first-order derivatives of the vibrational modes occurring at
~15 GPa. We note that these anomalies beginning at ~15 GPa involve only O-C-O bending modes,
which possibly indicates a second-order phase transition. The appearance of such discontinuities is
likely to be related to the reduction of the b-axis compressibility of aragonite at ~15 GPa. As is known,
the aragonite structure bears a great degree of compression upon pressure, which is dominantly due
to the reduction of the [CaOg] polyhedra. The [CO3]?>~ units are compressed slightly and grow more
distorted because the O-C-O undergo unidentical angular variations [20,33,38]. The present results
indicate an abrupt change occurs in the force constant within the [CO3]>~ units above ~15 GPa. Besides,
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the [CaOg] polyhedra begin to deform, with some of the Ca-O bonds becoming elongated and the
others shortening. Accordingly, we expect an increased co-ordination number for the Ca®* sites at
higher pressures. This would be bond to trigger a phase transition under higher pressures. However,
the phase transition of aragonite is always accompanied with the displacement of the [CO3]>~ units
along a direction parallel to the plane of the [CO3]%™ units or the rotation of the [CO3]*~ units around an
axis that is perpendicular to the [CO3]%* units. Displacement or rotation of [CO3]* confronts a spatial
hindrance and repulsion between coplanar the [CO3]?~ units. Therefore, it would overcome a certain
of kinetic barriers if aragonite transforms to another stable polymorph. Considerable compaction of
the [CaOg] polyhedra along the c-axis will push O?~ toward the O-C-O angle, leading to weakened
bond strength within the [CO3]% units [33]. This is favorable for the [CO3]2_—triangles transformation
to [CO4]* -tetrahedra [33,46].

So far, there have been limited studies on the presence of H™* within the lattice of carbonate
minerals. However, recent findings on inclusions in sublithospheric diamonds have strongly evidenced
the associations between carbon and water recycle in the deep earth [13-16]. In the present study, we
firstly confirm the difference in the chemical and structural environments of the H* sites in aragonite
lattice. Besides, the negative correlation between the wavenumbers of the OH modes and pressure
indicates that the compression of the surrounding crystal structure rather than the H-bond is a main
process upon compression. We consider that the different compressibilities of the C-O and Ca-O bonds
could induce H* redistribution or disorder in the lattice. This is an irreversible process. Alternatively,
the weakening of the OH modes above 11.5 GPa may imply H*-loss. The limited data of the infrared
spectra above 11.5 GPa have left this inference unconstrainted and more studies are needed to verify
this hypothesis.

Even though aragonite has long been considered a stable phase in the bulk of the upper-mid
mantle [18], the density of aragonite is suggested to be lower than that of principle constituents of the
mantle [48]. This casts doubts on the possibility of aragonite in deep zones. Besides, only a trace of
calcium carbonate minerals has been recovered from sublithospheric diamonds in comparison with
the estimated carbon flux subducted into the Earth [13-16]. Here, we provide a host of arguments
for the following fact: the stiffness of the b-axis occurring at ~15 GPa (corresponding to the pressure
at the bottom of the upper mantle) results in an incompressible structure of aragonite, which may
keep it, to a certain degree, from further sinking. Other processes, such as decarbonation, dissolution
and metamorphic reactions, etc., are also responsible for the diminished content of aragonite in the
lower mantle.
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