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The subduction of calcite into deep Earth and subsequent phase change are important for
global carbon cycle. However, the study of the phase boundary between calcite and
aragonite under high P-T conditions is insufficient due to sparse existing phase points and
narrow pressure range. In addition, the impact of aqueous fluid on the phase transition
requires further investigation. In this work, the calcite-aragonite phase transitions in both
anhydrous and hydrous conditions were studied using diamond anvil cell (DAC) with in-situ
Raman spectroscopy. In the anhydrous condition, investigations were conducted up to
12GPa and 400°C and only the solid recrystallization-reconstructive (SRR) phase
transition was observed. The calcite-aragonite boundary shows a convex upward
curve with the minimum transformation temperature at around 150°C and a wide
transformation pressure range from 1 to 12 GPa, consistent with the molar volume
change between aragonite and calcite-l/II/lll/lllb. In the hydrous condition, both the
SRR phase transition and dissolution-precipitation-dehydration (DPD) phase transition
were observed under different heating conditions, and in the DPD phase transition ikaite
serves as an intermediate phase precipitated from dissolved calcite and then dehydrates
into aragonite. Our results suggest the phase transition of calcite-aragonite in the
subduction zone, where the SRR phase transition can exist in slabs under wide P-T
conditions (1-2 GPa and 160-400°C), and the DPD process can only occur under lower
P-T conditions (less than 1.5 GPa and 110°C).

Keywords: calcite, aragonite, ikaite, phase transition, high P-T, Raman spectroscopy

1 INTRODUCTION

Carbonate minerals, as the main carbon carriers, control carbon migration in different geochemical
reservoirs (Dasgupta and Hirschmann, 2010; Merlini et al., 2012; Liu et al., 2017; Zhang Z. et al,,
2018). Among them, calcite (CaCO;) is the most common carbonate mineral. It is reported that
calcite can exist at the top of the lower mantle (Wirth et al., 2009; Ague and Nicolescu, 2014;
Kaminsky et al., 2016; Zhang Z.-W. et al., 2018; Lv et al., 2021), and under the mantle P-T conditions,
it must adapt changes of pressure and temperature with depth and undergo significant phase changes
(Suito et al., 2001; Hagiya et al., 2005; Merlini et al., 2012; Gavryushkin et al., 2017; Nestola et al.,
2018; Hou et al,, 2019). Understanding the CaCO5 phase transitions and the structural properties of
high P-T CaCO; phases is critical for predicting carbon states in deep Earth and their contributions
to anomalies in the physicochemical parameters of subducting slab (Litasov and Ohtani, 2009;
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FIGURE 1 | The phase boundaries between calcite and aragonite from
previous study. Under low pressures and temperatures, these boundaries are
close, but they exhibit significant deviations for high pressures and
temperatures.

Dasgupta and Hirschmann, 2010; Litasov et al., 2017; Yuan et al.,
2021). Until now, more than 12 structural polymorphs, such as
cc-I-VII (referred to as cc-I to cc-VII hereafter), aragonite, and
pyroxene CaCOjs, have been verified (Maslen et al., 1993; Suito
et al,, 2001; Catalli and Williams, 2005; Hagiya et al., 2005; Ono
et al.,, 2005; Oganov et al., 2006; Ono et al., 2007; Oganov et al.,
2008; Merlini et al., 2012; Merlini et al., 2014; Gavryushkin et al.,
2017; Li et al., 2018). Among various polymorphs of CaCO3, the
phase relationships among cc-1, cc-II, cc-II1, and cc-VI have been
well studied. However, the understanding of the phase boundary
between calcite and aragonite at high P-T conditions is
insufficient, and noteworthy discrepancy exists in previous
works. Hess et al. (1991) obtained the phase boundaries
among cc-I, cc-II, cc-III, and aragonite by Raman
spectroscopy, and found that aragonite exists above 1.5 GPa
and 150°C. Suito et al. (2001) performed XRD and Raman
spectroscopy of the CaCO; phase transition and concluded
that the boundary of cc-III and aragonite has a positive P-T
slope in the pressure range 2-4.5 GPa followed by a negative P-T
slope in the range of 4.5-6.2 GPa. Recently, Liu et al. (2017)
obtained the transition temperature from calcite to aragonite
increasing with pressure varying from 2.57 to 3.42 GPa according
to Raman scattering measurements, consistent with Suito et al.
(2001). These experiments (Figure 1) were based on very sparse
phase points and narrow pressure ranges, leading to large
uncertainty on the phase boundary. For a better
understanding of the phase transitions of calcite under mantle
conditions, we need to further investigate and clarify the phase
relationship between calcite and aragonite.

Furthermore, due to dehydration of aqueous minerals (e.g.,
talcum, amphibole, brucite), the subduction zone is a place with
plenty of water. Plummer and Busenberg (1982) and Morse and
Mackenzie (1990) studied the solubility of CaCO; minerals and the
aqueous speciation of carbon in great detail at ambient conditions
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and temperatures up to 90°C. Perdikouri et al. (2008) investigated the
transformation of natural aragonite crystal to calcite by reaction with
aqueous solutions of calcium carbonate at hydrothermal conditions
for different periods of time, which indicated the replacement of
aragonite by calcite followed an interface-coupled dissolution-
precipitation mechanism. Yuan et al. (2021) found a dissolution-
precipitation process between CaCO;-I/Il and aragonite phase
transitions in hydrous fluids at P-T conditions lower than
1.5 GPa and 375°C and a solid recrystallization phase transition
process at 1.7-1.8 GPa and 500-520°C. However, these studies
neglect the role of aqueous fluid on phase transition between
calcite and aragonite at higher pressure and more experimental
conditions. Therefore, besides the study of phase boundaries, we also
need to elucidate the impact of aqueous fluid.

In this study, the high P-T stability and behavior of CaCO;
were investigated under both hydrous and anhydrous conditions
using an externally heated Bassett-type DAC combined with the
laser Raman and Fourier transform infrared (FTIR) spectroscopy
technique. In the anhydrous condition, various Raman spectra of
calcite polymorphs at high P-T conditions were collected, and the
phase boundaries between cc-I, cc-11, cc-III, cc-VI, and aragonite
were determined up to 12GPa and 400°C. We used the
Clausius—-Clapeyron equation to analyze the thermodynamic
significance of our experimentally determined phase
boundaries. In the hydrous condition, two transition processes
from calcite/aragonite to aragonite, i.e., solid recrystallization-
reconstructive  (SRR) phase transition and dissolution-
precipitation-dehydration (DPD) process, were studied and the
implications on plate subduction zone were discussed.

2 MATERIALS AND METHODS

Highly pure natural CaCO; crystals were used in all experiments.
Ikaite was synthesized in water at 0.6-1 GPa, room temperature, with
the original material of calcite or aragonite. High-pressure
experiments for single-crystal calcite were performed at the CAS
Key Laboratory for Experimental Studies under Deep-Sea Extreme
Conditions, Institute of Deep-Sea Science and Engineering, Chinese
Academy of Sciences (Sanya, Hainan, China). High pressure and
high temperature are produced by an externally heated Bassett-type
DAC (Bassett et al., 1993), in which nichrome wire heaters are
wrapped around the seats and the two diamonds are externally
heated to create a homogeneous temperature field in the pressure
chamber by applying an electrical current. The temperature inside
the sample chamber was the mean value measured by two K-type
thermocouples (NiCr-NiSi) attached to the two diamond anvils. The
temperature error is within 1°C. The DAC is equipped with two types
of IIA low-fluorescence diamonds with a culet diameter of 300 pm.
The DAC sample chamber has an ~100 um diameter hole in the
center of a rhenium gasket that was produced by a Drilex-2000 laser
hole puncher. Water and a mixture of methanol and ethanol in a
ratio of 4:1 were used as the pressure-transmitting medium. Pressure
was determined by the fluorescence line of Y1 (617.8 nm) of Sm:
YAG (Trots et al,, 2013) or the ruby method (Mao and Bell, 1978).

Raman spectra of calcite and fluorescence spectra of ruby or
Sm:YAG were collected by two spectrometers simultaneously to
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FIGURE 2 | Representative spectra from CDO061 at a certain pressure
and temperature in an anhydrous condition.

ensure getting the real time pressure values. The Raman spectrum
was collected from 100 to 930 cm™" or 100 to 1200 cm™". The
fluorescence spectrum was collected at approximately 617.8 or
694nm. An Andor Shamrock SR500i spectrometer equipped
with a Leica DM2700 microscope, a Plan Apo SL Infinity
Corrected 20x objective with a numerical aperture value of
0.28, and a 532 nm frequency-doubled Nd: YAG laser. A 1800
or 1200 gr. mm~" holographic grating coupled with a CCD
detector (2000 x 256 ppi) with a spectral resolution of 1.5 or
3cm™' was used for the measurement of Raman spectra. The
1200 gr.mm ™" holographic grating was used to measure
fluorescence spectrum, which lead to +£0.23 and +0.28 GPa of
pressure error for ruby and Sm:YAG method. For all the Raman
experiments, an externally heated Bassett-type DAC was first
pressurized to the desired pressure, and then the sample chamber
was heated (20°C/min) to the desired temperature. Raman and
fluorescence spectra were simultaneously obtained after
approximately 30s at the desired condition to reach the
equilibrium condition. Spectra were collected at a certain
temperature and pressure interval to better understand the
thermal stability of CaCOj; at high pressure and high temperature.

To determine the influence of molecular water on phase
transition in hydrous condition, FTIR spectra were collected
using a Nicolet IS50 FTIR spectrophotometer (Thermo Fisher
Scientific, China), equipped with a mercury cadmium telluride
detector (MCT-A), a Continupm microscope with 15x
Reflachromat objective lens and a Ge-plated KBr beam
splitter. Each sample was air-dried before measuring.
Typically, 128 scans were recorded at a resolution of 4 cm™" in
the range of 700-4000 cm™". The frequency scale was internally
calibrated by a helium-neon reference laser with an accuracy of
0.005 cm ™. OMNIC software was used for spectra collection and
manipulation. The three experiments used ultrapure water as
pressure mediums were slowly heated to 460, 480, and 500°C. We
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kept the samples at their highest temperature for 20 min, and
then quenched the samples to obtain FTIR spectra.

3 RESULTS AND DISCUSSION

3.1 Phase Transition in the Anhydrous
Condition

For the anhydrous condition, mixed methanol and ethanol was
used as the transmission medium. Representative Raman spectra
are shown in Figure 2. Raman spectra of CaCOj; can reveal
different phases with distinctive structures (Koch-Mueller et al.,
2016): cc-I is rhombohedral (Ric), cc-II is monoclinic (P2;/c)
(Merrill and Bassett, 1975; Yuan et al., 2019), cc-III is less
symmetrical than cc-II with triclinic (P;) symmetry (Merlini
et al,, 2012), cc-VI crystallizes in the triclinic space group P1
(Bayarjargal et al., 2018), and aragonite has an orthorhombic
structure of 2/m 2/m 2/m (Palaich et al., 2016). As shown in
Figure 2, among 100-930 cm™', cc-I has three main peaks,
including two external modes at about 160 and 280 cm ™', and
one v, mode at about 720 cm™', whereas cc-II has four main
peaks, including two external modes at about 150 and 280 cm ™',
and two v, modes at about 720 cm™". Phases cc-III/IIIb can be
distinguished from others based on the v, modes, which have
more than three peaks, and aragonite has four main peaks: two
external modes at approximately 160 and 220 cm ™, two v, modes
at about 720 cm™". All identified phases of the alcohol system are
shown in Figure 3, showing five regimes: cc-I, cc-II, cc-III, cc-
IIIb, and aragonite. The difference between cc-III and cc-IIIb has
not been determined.

The dense phase points allow for much more accurate phase
boundaries. In Figure 3, we observed that cc-1, cc-11, and cc-III/
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FIGURE 3 | Phase diagram of CaCOyg in the anhydrous condition. The
phase boundary between calcite and aragonite shows a minimum transition
temperature at around 150°C and 2.4 GPa. Near each segment of the phase
boundaries, there are some ambiguous points in which two phases can
exist in a small vicinity, especially between cc-Il and aragonite.
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IIIb can all transform directly to aragonite. The transformation
from cc-I to cc-II and cc-II to cc-IIT occurs at about 1.7 and
2.2 GPa, with no significant temperature dependence. The calcite-
aragonite boundary is a convex upward curve with the minimum
transformation temperature at around 150°C and a wide
transformation pressure range from 1 to 12GPa. The
transition temperature decreases with the pressure from 1.5 to
2.4 GPa, and above 2.4 GPa the transition temperature increases
with the pressure.

The transformation from cc-I to cc-II is approximately
1.5GPa (Figure 4), showing as an almost vertical line,
consistent with Bridgman (1939), Hess et al. (1991), Suito
et al. (2001), and Liu et al. (2017). According to the
Clausius—Clapeyron equation,

dP/dT = L/ (TAV)

where P is the pressure, T is the temperature, L is the enthalpy
change, and AV is the change of molar volume. The vertical
phase boundary means dP/dT = 0, suggesting that the enthalpy
from cc-I to cc-II is almost unchanged, and that the entropy
change is very small.

The transformation pressure of cc-II to cc-III/IIIb is from 2.2 to
2.4 GPa (Figure 4) slightly different from Bridgman (1939), Hess
et al. (1991), and Liu et al. (2017). This could result from the
experimental condition and pressure error of different researches.
The slopes for the phase boundaries of cc-1I to cc-III/IIIb are positive
with a high angle. Again, the Clausius-Clapeyron equation suggests
a small enthalpy change when cc-II transforms to cc-III/IIIb.

High P-T Calcite-Aragonite Phase Transitions

TABLE 1 | Crystallographic data for calcite I-VI and aragonite. V is the value of the
cell, and Z is the number of formula units in the unit cell.

Phase Space Group Z V. (f\a) Reference

CaCOg Rac 6 368.07 Maslen et al. (1993)
CaCOgs- Il P24/c 4 239.57 Merrill and Bassett (1975)
CaCOgz- Il P; 10 555.26  Merlini et al. (2012)
CaCOs- Il b P3 4 224.33 Merlini et al. (2012)
CaCOs- VI P3 2 87.86  Merlini et al. (2012)

CaCOg aragonite  Pmcn 4 226.97 Negro and Ungaretti (1971)
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FIGURE 5 | Representative spectra from CD0O036 (except cc-VI) at
different pressures and temperatures in immediately heated up hydrous
experiments. Cc-VI is from CD0054.

The transition temperature of calcite-aragonite decreases with
pressure at low pressure from 1.5 to 2.4 GPa but increases with
pressure at high pressure from 2.4 to 12 GPa (Figure 4). This is
inconsistent with Bridgman (1939), Hess et al. (1991), and
especially Suito et al. (2001). The phase boundaries are similar
regardless of the water or alcohol system. From the
thermodynamic  perspective, the nearly-vertical phase
boundaries between cc-I and cc-II, cc-II and cc-III/IIIb ensure
that the enthalpy change between calcite and aragonite remains
relatively unchanged, and the change in dP/dT slope can be easily
explained by the change in molar volumes: the molar volume of
cc-I, cc-1I, cc-111, cc-IIIb, and aragonite was calculated as 36.93,
36.06, 33.43, 33.76, and 34.16 cm’/mol from the crystallographic
parameters V. and Z in Table 1 using

_ NAVC

Vin
Zz

where N, is the Avogadro constant. Given that the transition
from calcite to aragonite is generally exothermic, i.e., L > 0, the
sign of the slope dP/dT of the phase boundary will be negative for
cc-I and cc-II to aragonite transition and positive for the cc-III/

Frontiers in Earth Science | www.frontiersin.org

June 2022 | Volume 10 | Article 907967


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Zhao et al. High P-T Calcite-Aragonite Phase Transitions
500 20
. m cc-l
450 u = cc-ll
o . s gg{,lll/ I_Hb Before experiment
= " ', Lwaragonite —— After experiment

350 G B 1.5
o bem 5 : o ~~
o 300 : fen w . =]
2 250 e 55 ° <
2 . f— ., 8 1.0
S 200 *._ = - s Calcite
2 : : £
g 150 e 5
15y [ L] &
= 5 =" )

1001 & a < .

H - 0.5+ Aragonite
50 1% . s
- L] L] =] -
) 0 2 4 6 8 10 12 14 16 18 20
Pressure (GPa)
00 T T T T T T T
2 22 2 2 2 4
FIGURE 6 | Phase diagram of CaCQOgz inimmediately heated-up hydrous 000 30 500 750 3000 3 _?0 3500 3750 000
experiments. Wavenumbers (cm™)
FIGURE 7 | Representative FTIR spectra for the three quenching
samples before or after the experiment.

IIIb to aragonite transition. Suito et al. (2001), however, had a
concave phase boundary between calcite and aragonite, possibly
due to their sparse data points, that clearly contradicts the
thermodynamics, and they had to resort to nonequilibrium
kinetics as an explanation.

3.2 Phase Transition in the Hydrous

Condition

In these experiments, calcite was heated up immediately after
being loaded into the sample chamber. Ultrapure water was used
as the transmission medium. The representative spectra at certain
pressures and temperatures are shown in Figure 5. In addition to
the Raman peak identification of each phase mentioned above,
the cc-VI has many weak peaks in external modes and two main
peaks in the vy modes. All identified phases for the experiments in
hydrous conditions are plotted in Figure 6, and we observed six
regimes: cc-1, cc-II, cc-III, cc-IIIb, cc-VI, and aragonite. The
phase boundaries among cc-I, cc-II, cc-III, cc-IIIb, and
aragonite are similar to those in the anhydrous condition.
Phase cc-VI was observed in this system, during the
transformation from a low-pressure phase cc-III/IIIb to a
high-temperature phase aragonite. The transition pressure
from cc-VI to aragonite ranges from 13 to 15 GPa between 25
and 380°C. Because the phase boundary between cc-III/IIIb and
cc-VI is less distinctive, it is not the focus of this study.

As mentioned in Zheng and Hermann (2014), when
subducting to mantle depths, more molecular water can
dissolve into nominally anhydrous minerals (NAMs) with
increasing pressure. Because our experiments used ultrapure
water as a pressure medium, it was possible that molecular
water dissolved into calcite. To determine whether molecular
water dissolved, we measured the water content of three
quenched samples after the high-pressure and temperature
experiments. FTIR spectra are the most widely used method to
detect and analyze hydrous components (OH or H,O) in
minerals and glasses because of their high sensitivity and fast

performance. It can identify a few to tens of ppm wt of H,O in a
mineral (Rossman, 2006). The FTIR spectra of free (gaseous)
hydroxide and OH of mineral stretching frequency are adjacent
but can be separated. Stretching vibrations of H,O have broad
bands at about 3248 and 3444 cm™'. The FTIR spectra for the
three quenched samples are almost the same as shown in
Figure 7. The stretching vibration of OH for different
minerals ranges from 3600 to 3700 cm ~' (Zhang and Moxon,
2012). We used FTIR spectroscopy to measure the water content,
and no signal of structured water, with a band at 3600-3700 cm ™",
was shown in Figure 7. Therefore, there was no dissolution of
water in calcite for the three quenched samples. The phase
boundaries of heated up immediately experiments in the
hydrous environment (Figure 6) are similar to that in the
anhydrous condition (Figure 3), indicating that the
transformation from calcite to aragonite is an SRR process.
Water plays the role of pressure-transmitting medium, which
did not participate in the transformation process of calcite and
aragonite.

3.3 lkaite as an Intermediate Phase During

Calcite Transition in the Hydrous Condition
Ikaite (CaCO5-6H,0) is the hydrous form of calcium carbonate
(Shahar et al., 2005), with a C2/c space group and Z = 4. Its
structure contains discrete CaCOj; ion pairs, each surrounded by
18 water molecules (Dickens and Brown, 1970). Pelouze (1831)
was the first to synthesize CaCO3-6H,0 in the laboratory, and
Pauly (1963) discovered natural CaCO3-6H,0O developing at the
bottom of the Ika Fjord in Greenland, from which the name ikaite
comes. In our experiments, we found that calcite transformed to
ikaite after staying in the hydrous condition at 0.6-1 GPa and
room temperature for hours. The formation conditions of ikaite
in our experiments are consistent with Dickens and Brown (1970)
and Van Valkenburg et al. (1971), where they found calcite and
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FIGURE 8 | Raman spectra of calcite, aragonite, and ikaite. extended to 9 GPa and 220°C.

aragonite become increasingly soluble in water as the pressure
exceeds 0.6 GPa, and ikaite grows at the expense of both calcite
and aragonite at pressures above 0.6-0.7 GPa.

Thus, we also investigate precipitated ikaite produced from
dissolved calcite and aragonite in hydrous condition. The
experiment process was similar with Section 3.2, expect that
calcite stayed in an aqueous environment at room temperature
and 0.6-1 GPa for hours to dissolve and precipitate as ikaite, and
then started to be heated up. Ikaite has a spectrum similar to other
calcium carbonate polymorphs (Rutt and Nicola, 1974; Long,
1977; Shahar et al., 2005), but they can be identified by the lattice
modes v; and v,. Figure 8 compares the Raman spectra of calcite,
aragonite, and ikaite. The main difference between aragonite and
ikaite is the v, mode, in which the peak of ikaite at 1066 cm™
clearly distinguishes from aragonite, while cc-I and ikaite differ
with the lattice modes v; and v,, where the peaks of ikaite are at
199, 715, and 1066 cm ™, consistent with Sanchez-Pastor et al.
(2016).

In early work, Marland (1975) observed the transitions from
ikaite to calcite/aragonite under very low P-T conditions
(0.296-0.414 GPa and —2-14.3°C), and the phase diagram was
extended to 2.5 GPa and 150°C by Shahar et al. (2005). In our
work, we further extended the water saturated calcium carbonate
phase diagram to 9 GPa and 220°C, shown in Figure 9. The phase
boundary is consistent with Shahar et al. (2005) at a pressure
below 2.5 GPa.

Calcite/aragonite first dissolved and then precipitated as ikaite,
and subsequently dehydrated into aragonite when heated after
staying at 0.6-1 GPa for hours, which is the DPD process.
Compared to SRR, water molecules in DPD participate in the
reaction process of transformation. Therefore, it can be
concluded that different hydrous conditions in SRR and DPD
processes lead to the distinction of the phase transition diagrams.
Specifically, the phase boundary between calcite and aragonite in
the SRR process is a convex upward curve with a minimum

transformation temperature of around 150°C. It has a negative
slope at 1.5-2.4 GPa and a positive slope at 2.4-12 GPa. While the
ikaite-calcite boundary in DPD is a curve with a consistently
positive slope, as the transition temperature increases with the
increased pressure from 0.5 to 9 GPa. Additionally, at a certain
pressure, the transition from ikaite to aragonite always occurs at a
lower temperature compared to the calcite-aragonite phase
transition.

3.4 Calcite to Aragonite Transition in Deep
Earth

The Subduction zone is an area with plenty of aqueous fluid with
some closed systems that don’t contain water. When subducted
into deep Earth, crystals in the oceanic slab will undergo hydrous
or anhydrous phase transitions. Yuan et al. (2021) found two
processes for calcite to aragonite transition in the hydrous system.
One is the SRR phase transition, in which calcite transforms
directly to aragonite, and the other is a dissolution-precipitation
(DP) process, in which calcite dissolves and precipitates into
aragonite.

In this paper, SRR is the only phase transition in the
anhydrous system. As shown in Figure 4, the SRR phase
transition can exist in both “hot” (i.e., high temperature low
pressure) and “cold” (i.e., low temperature high pressure) slabs.
During the subduction process, only cc-I and cc-II can transform
to aragonite, and the transition occurs at P-T conditions at
1-2 GPa and 160-400°C. In the hydrous system, the phase
diagram from the immediately heated experiments is an SRR
phase transition, it can exist in both “hot” and “cold” slabs. On the
contrary, the experiments heated after calcite/aragonite stayed at
0.6-1 GPa for hours is the DPD process. Thus, the DP process
was not found in a hydrous system but SRR and DPD were
observed instead. The DPD process needs ikaite as an
intermediate phase, which can be formed in water at
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0.6-1 GPa and room temperature or lower temperature and
pressure conditions (Van Valkenburg et al, 1971; Marland,
1975; Shahar et al., 2005), but difficult to synthesize at higher
pressure and temperature. As shown in Figure 9, the dehydration
of ikaite into aragonite occurred under low P-T conditions (less
than 1.5 GPa and 110°C). Therefore, in the subduction process,
ikaite can only be dissolved and precipitated in a “cold” slab.

Aragonite is the main calcium carbonate in the deep upper
mantle, which exists at more than 1 GPa and 100 °C according to
the phase diagram (Figures 4, 9). In both the hydrous and the
anhydrous upper mantle, with pressure below 1.5 GPa, cc-I can
exist in a temperature range of 25-400°C, and cc-II can exist at
1.5-2 GPa in a temperature range of 70-220°C. Ikaite can only be
produced in the hydrous upper mantle under low P-T conditions
(0.6-1 GPa and room temperature). But it can exist in 1-1.5 GPa
at a temperature range of 40-100°C in the upper mantle.

4 CONCLUSION

We used DAC combined with Raman and FTIR spectra to study
the phase diagram of the calcite to aragonite transition and the
impact of aqueous fluid on this transition in this study. Two types
of transmission media (water and alcohol) were used. In
anhydrous system, the calcite to aragonite diagram was
extended to 12 GPa and 400°C, with the calcite-aragonite
boundary shown as a convex curve, which is consistent with
the molar volume changes between the transition from aragonite
to cc-III/ITIb and from aragonite to cc-I and cc-II. In the hydrous
system, we observed two kinds of phase transformation
mechanisms, the SRR phase transition, and the DPD process.
The SRR occurred in an immediately heated process. It can exist
in both “hot” and “cold” slabs, under high P-T conditions
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