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Abstract In this study, we have investigated the stability of CaCOs3 at high pressures and temperatures
using synchrotron X-ray diffraction in laser-heated diamond anvil cells. Our experimental results have
shown that CaCOs in the aragonite structure transforms into CaCOs-VII (P2,/c) at 27 GPa and 1,500 K with a
negative Clapeyron slope of —4.3(9) MPa/K. CaCOs-Vll is stable between 23 and 38 GPa at 2,300 K and
transforms into post-aragonite at 42 GPa and 1,400 K. Furthermore, it reacts with stishovite, an abundant form
of SiO, in subducted oceanic crust, forming CaSiOs-perovskite. The occurrence of CaSiOs-perovskite via the
reaction of CaCOs-VIl and stishovite provides an explanation for the observation of the high concentrations
of CaSiOs-perovskite and some amount of CaCOs3 in deep-mantle inclusions. CaCOs-Vll is thus an important
carbon-bearing phase at the topmost lower mantle and may provide necessary carbon to produce
deep-mantle diamonds.

1. Introduction

Petrologists have recently found more evidence for the formation of deep diamonds at the topmost lower
mantle, suggesting the transportation of surface carbon to the Earth’s deep interior (Brenker et al., 2007;
Burnham et al,, 2016; Kaminsky et al., 2009, 2016; Shirey et al., 2013; Smith et al., 2016; Wirth et al., 2009).
Carbonates, including calcite (CaCOs), magnesite (MgCOs), and dolomite (CaMg(COs),, are believed to be
one of the most important carriers to transport surface carbon to the Earth’s mantle. Notably, some deep
diamonds expected from the topmost lower mantle capture carbonates, such as CaCOs, as inclusions
together with very high abundance of CaSiO3 perovskite than what is expected from typical mantle
mineralogy (Brenker et al., 2007; Kaminsky et al. 2009, 2016; Wirth et al. 2009). Although a recent
experimental study has shown that melting of the carbonated oceanic crust at depth of 300-700 km could
become a barrier for the transportation of carbon to the deeper mantle, some carbonates in the cold slab
surface may survive at least to the topmost lower mantle and are thus the potential carriers to transport
carbon to the Earth’s deep mantle (Brenker et al., 2007; Kaminsky et al., 2009, 2016; Thomson et al., 2016;
Wirth et al.,, 2009).

Among various carbonates, CaCOs is most abundant on Earth and mainly crystallizes in the form of cal-
cite at the Earth’s surface. Through hydrothermal metasomatism, a significant amount of CaCOs in the
form of calcite enters the oceanic crust to form carbonate-bearing altered oceanic basalt (Alt & Teagle,
1999; Jarrard, 2003; Kelemen & Manning, 2015). Analysis of the inclusions in deep diamonds has
revealed evidence of the transportation of CaCOs; to depths of at least the topmost lower mantle via
sinking slabs (Brenker et al., 2007; Kaminsky et al., 2009, 2016; Wirth et al., 2009). Previous studies have
further shown that CaCO3 undergoes a series of phase transitions at high pressures (Catalli & Williams,
2005; Gavryushkin et al,, 2017; Lobanov et al., 2017; Oganov et al., 2008, 2006; Ono et al., 2005; Pickard
& Needs, 2015; Smyth & Ahrens, 1997; Suito et al.,, 2001). At 300 K, CaCOs in calcite structure will trans-
form into CaCOs-lll at 2.5 GPa, whereas CaCOs-lll transforms into CaCOs-VI at 15 GPa (Merlini et al.,
2012). Although previous experimental and theoretical studies have shown that CaCOs crystallizes in
the form of aragonite at pressure-temperature conditions of the topmost lower mantle, a new phase
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Figure 1. Phase diagram of CaCOs5 at high pressures and temperatures. Blue:
aragonite; red: CaCOs3-VII; green: post-aragonite; circles: using NaCl as the
pressure medium; diamonds: using KCl as the pressure medium. The black
lines indicate the phase boundary between aragonite and CaCOs-VIl and
between CaCOs3-VIl and postaragonite.
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Figure 2. X-ray diffraction patterns of CaCO3 at high pressures and tempera-
tures. (a) Diffraction pattern of aragonite at 29 GPa and 300 K, CaCOs-VIl at
31 GPa and 1,570 K, and CaCOs3-VIl at 32 GPa and 300 K. (b) Results from
full-profile Rietveld refinement of CaCOs-VIl at 32 GPa and 300 K, showing
CaCO3-VIl in a P24/c structure. Red line: refinement results; black cross:
collected data. The X-ray wavelength is 0.3344 A.

between 32 and 48 GPa with a space group of P2,/c has been pre-
dicted by a recent theoretical study (Oganov et al, 2006, 2008; Ono
et al, 2005; Pickard & Needs, 2015; Santillan & Williams, 2004; Suito
et al, 2001). A recent experimental study reported two new phases
of CaCOs, named aragonite-ll and CaCOs-VIl, between 30 and 50 GPa
at high temperatures (Gavryushkin et al, 2017). Yet neither
aragonite-ll nor CaCOs-VIl was observed to be a pure phase at high
pressures and temperatures (Gavryushkin et al, 2017). Aragonite-II
coexists with aragonite and CaCOs-VIl at ~26 GPa between 1,400 K
and 2,400 K, while CaCOs-VIl coexists with postaragonite between 40
and 50 GPa at 1,200-2,200 K (Gavryushkin et al., 2017). Due to limited
experimental data points and without using pressure medium in some
experimental runs, the phase stability of both aragonite-Il and CaCOs-VIl is
highly uncertain in the previous study (Gavryushkin et al., 2017). The high
pressure-temperature stability of CaCO5 thus needs further investigation.

In addition, analysis of the mineralogy of deep-mantle diamond inclu-
sions further suggests that carbonates could potentially react with
silicates in subducted slabs and provide carbon-rich fluids for the
formation of diamonds (Biellmann et al, 1993; Hammouda, 2003;
Kushiro et al., 1975; Maeda et al, 2017). However, experimental data
on the phase stability of the high-pressure phase of CaCOs; coexisting
with other minerals in the subducted slabs at relevant pressure and
temperature conditions at the top of the lower mantle are lacking.
In this study, we thus investigated the phase stability of CaCOs; with
coexisting minerals in slabs under the relevant pressure and tempera-
ture conditions of the topmost lower mantle using synchrotron X-ray
diffraction (XRD) in laser-heated diamond anvils. Our experimental
results are crucial for understanding the deep carbon transportation
and the distinct mineralogy of deep diamond inclusions.

2. Experiments

The crystal structure and chemical composition of natural calcite (CaCOs)
from Guizhou Province of China were determined by XRD and electron
microprobe at surface conditions at the Material Center of the University
of Science and Technology of China, respectively. The natural calcite sam-
ple contains minimum amount of K within the measurement error of the
electron microprobe. The calcite sample was thus considered with a com-
position of CaCOs. To study the high-pressure phase transition of CaCOs,
the powder was mixed with 5 wt % Pt, which acted as the pressure cali-
brant and laser absorber (Fei et al.,, 2007). The CaCO3 + Pt mixture was
pressed into 15-20 um thick disks and then loaded into two symmetric
diamond anvil cells. NaCl was used as the pressure medium in one cell,
while KCl was used in the other cell. Re was used as the gasket material.
To investigate the phase stability of CaCO3, the CaCO3; powder was also
mixed with SiO, powder in equal molar proportions. The CaCO3 + SiO,
powder was then mixed with 5 wt.% Pt, which acted as a pressure calibrant
and laser absorber. We prepared four samples to study the phase stability
of CaCOs3 with SiO,. Two cells used NaCl that had been dried overnight as
the pressure medium, while the other two used KCl as the
pressure medium.

We have conducted high pressure-temperature synchrotron XRD mea-
surements on the phase transition of CaCO3 up to the topmost lower
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mantle conditions. Six runs of the experiments were performed
between 1,000 K and 2,400 K at pressures up to 60 GPa in laser-
heated diamond anvil cells at the GeoSoilEnviroCARS (GSECARS) of
27 GPa, 2100 K the Advanced Photon Source (APS), Argonne National Laboratory. In
each heating cycle, we always heated a fresh spot and collected the
XRD patterns at a temperature step of 100-200 K. Following the
Graybody approximation, the collected thermal radiation spectrum
was fitted using the Planck radiation function to determine the tem-
perature. The uncertainty of the temperature is about +150 K below
2,000 K and +200 K above 2,000 K. The XRD patterns were collected
using a 165MAR-CCD detector with an X-ray beam focused down to
3 X 4 um and an energy of 37 keV.

31GPa,1600 K 3. Results and Discussion

At pressures of less than 25 GPa, the starting carbonate transitions into ara-
gonite (space group: Pnma) upon laser heating to 1,000 K (Figures 1 and 2).
The diffraction pattern is well explained by the presence of aragonite, Pt,
and pressure medium NaCl (or KCI) (Figure 2). In the following heating
run at a higher pressure, the increase of temperature immediately induces
the presence of ~30 new diffraction peaks (Figure 2). These new peaks are

| Ca-pv | CaCO,-VII Stv | Pt | NaCl not associated with the decomposition products of CaCO5 such as CaO or
high-pressure polymorphs of CO, (Datchi et al., 2006, 2012; Deng et al.,

é é I 1‘2 1|5 I 18 2007), indicating the phase transition of CaCOs to a new structure without
chemical dissociation. Comparison of the diffraction lines of this new

2theta (degree) phase with that of the known CaCO; high-pressure phases shows that

the new phase is not CaCOs-VI, post-aragonite, or any multiphase

Figure 3. Representative X-ray diffraction patterns for the reaction between . . . .
CaCOs3-VIl and SiO,. Patterns were collected at 30.5 GPa and 1,600 K and at (Figure S1) (Merlini et al, 2012; Oganov et al,, 2006; Ono et al,, 2005). The

27 GPa and 2,100 K, respectively. Stv: stishovite; Ca-Pv: CaSiOs-perovskite.

phase has the same structure with CaCOs-VIl in Gavryushkin et al. (2017).
The negative Clapeyron slope of the phase boundary between aragonite
and CaCOs-VIl, as well as that of the phase boundary between CaCOs-VIl and post-aragonite, is
—4.3(9) MPa/K, which is well constrained by our dense data points. CaCOs-Vll is stable at 23 GPa (720 km
depth) up to 2,300 K, which can also be quenched to 300 K at high pressures (Figure 2). Above 42 GPa and
1,400 K, post-aragonite becomes the stable structure of CaCOs (Figure 1). The diffraction pattern of
CaCOs-Vll can be characterized as a monoclinic cell with a space group of P2;/c, which is consistent with
the first principles predictions based on density functional theory (Pickard & Needs, 2015). We further per-
formed the Rietveld full-profile refinements on the diffraction patterns and obtained the lattice parameters
of a=4.798(4) A, b=3.356(2) A, c =10.981(6) A, and 3 = 103.6°(1) for CaCO5-VII (Toby, 2001). The Ca-O coor-
dination number of the new phase is 9, the same as aragonite. Nonetheless, compared with the structures of
aragonite and post-aragonite, the carbonate ions in this new phase are distorted by unequal C-O bond
lengths and a nonplanar geometry (Figure S2 and Table S1) (Oganov et al., 2006; Ono et al., 2005; Pickard &
Needs, 2015). The phase transition from aragonite to CaCOs-VIl results in a ~1.7% reduction in the volume
of CaCOs at 300 K (Figure S3). Further transition to post-aragonite lowers the volume of CaCOs; by ~3.7%
(Figure S3).

We compared our experimental results with previous studies in Figure S4. The phase transitions from arago-
nite to CaCOs-VIl and then to post-aragonite were predicted by a theoretical study at 0 K (Pickard & Needs,
2015). Here we combined the theoretical results at 0 K with the experimentally determined Clapeyron slope
from this study to extrapolate the theoretical phase boundary to high temperatures (Figure S4) (Pickard &
Needs, 2015). The calculated phase boundaries between aragonite and CaCOs-VIl and between CaCOs-VII
and post-aragonite are in an excellent agreement with our experimental results (Pickard & Needs, 2015).
Gavryushkin et al. (2017) performed both high pressure-temperature experiments and theoretical calcula-
tions but yield conflicting results. The predicted phase transition between CaCOs-VIl and post-aragonite at
a given temperature using density function theory occurs at a much lower pressure than their
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Figure 4. Phase stability of CaCOs-VIl in the presence of SiO5.; blue: CaCO3
does not react with SiO,; red: CaCOs reacts with Stv to release CO, to the
mantle; circles: CaCO3 in CaCOs-Vll structure; diamonds: CaCOs in postara-
gonite structure; grey solid line: phase boundary between CaCOs-VII
(postaragonite) + SiO, and CaCO3-VII (postaragonite) + SiO, + CaSiO3 + COo;
green dashed lines: geotherms for the normal mantle, hot slab, and cold
slabs (Akaogi et al., 1989; Litasov & Ohtani, 2003).

experimental results and our observation. In contrast, the experimental
phase boundary between CaCOs-VIl and post-aragonite in Gavryushkin
etal. (2017) is ~7 GPa higher than our experimental results at a given tem-
perature. The difference in the transition pressure could be caused by the
use of different pressure calibrant materials (Gavryushkin et al,, 2017). The
phase boundary determined without using any pressure medium may also
have large uncertainties (Gavryushkin et al., 2017). In addition, we did not
observe the presence of aragonite-Il reported in Gavryushkin et al. (2017)
at high pressure-temperature conditions. It is worth noting that
aragonite-ll was not a pure phase at high pressure-temperature
(Gavryushkin et al., 2017). It was observed to coexist with aragonite and
CaCOs-VIl at high pressure-temperature and characterized by limited
XRD peaks. We suspect that aragonite-ll observed in the previous study
could be a result of contamination during laser heating at high pressures
without using pressure medium (Gavryushkin et al., 2017). In this study,
two separate high pressure-temperature XRD experiments using either
NaCl or KCl as the pressure medium have confirmed that CaCOs-VII is
stable up to 2,300 K between 23 and 38 GPa (Figures 1 and 2). Increasing
heating time up to 30 min at various pressures above 1,200 K did not cause
observable changes in the collected diffraction pattern. Decomposition or
further phase transition of CaCOs-VIl at high temperatures was not
observed. Dense experimental data points also allow us to well constrain
the phase boundary among aragonite, CaCOs-VIl, and postaragonite. We
thus believe that CaCOs-VIl is a stable high-pressure phase of CaCOs at
high temperatures.

We further found that CaCOs-VII can react with stishovite-SiO, (Stv) to pro-
duce Ca-Pv under above pressure and temperature conditions. The reac-
tion between CaCOs-VIl and Stv is evidenced by the presence of cubic

Ca-Pv in our high pressure-temperature XRD patterns collected at ~30 GPa and temperatures above
1,500 K (Figures 3, S5, and S6). The formation of Ca-Pv can be easily identified by the clear continuous diffrac-
tion rings in the analysis of the measured XRD patterns (Figure S6). The formation of Ca-Pv also suggests that
CO; is released by the CaCOs-VII-Stv reaction. The reaction can be written as follows:

CaCOs3 + Si0; — CasSios + CO,

No diffraction peaks associated with CO, are observed in our XRD patterns, potentially due to the very weak
X-ray scattering and possible disordered nature of CO, phase under these conditions (Datchi et al., 2006;
Datchi et al.,, 2012). The intensity of the Ca-Pv peaks increases with increasing temperature with the gradual
disappearance of CaCOs3 and Stv, showing that the reaction between the CaCOs-VIl phase of CaCO5 and Stv
can be enhanced by higher temperatures and result in the release of more CO, to the surrounding mantle
(Figures 3 and 4). In addition, our results also show that post-aragonite will also react with Stv at higher pres-

sures (Figures S7 and S8).

4, Geophysical Implications

The experimental results above have profound implications for the carbon circulation at the topmost lower
mantle. As the most abundant natural carbonate, CaCOs, mainly in the form of calcite, is transported to the
Earth’s interior via sinking subducted slabs of calcite-rich oceanic crust. Some CaCOs that transforms from cal-
cite to aragonite will likely react with mantle pyroxene and/or olivine during the subduction process, whereas
a large amount of CaCO5; may become unstable in slab melting and cannot be transported to the deeper
depth (Biellmann et al., 1993; Stagno et al,, 2015; Thomson et al.,, 2016). However, some CaCOs in cold slabs
will likely survive, depending on the local mineral proportions and pressure-temperature-compositional
environments of the slab (Brenker et al., 2007; Kaminsky et al, 2009, 2016; Thomson et al., 2016; Wirth
et al, 2009). In addition, some CaCOs in the slab could also be produced through dolomite-pyroxene

LI ET AL.



@AG U Geophysical Research Letters

10.1002/2017GL076536

Acknowledgments

We thank GSECARS and HPCAT, APS,
Argonne National Laboratory for pro-
viding the X-ray diffraction facility for
the study. Z. Mao, Z. Zhang, and H. Ni
acknowledge support from the
Strategic Priority Research Program of
the Chinese Academy of Sciences
(XDB18000000). Z. Mao also acknowl-
edges support from China National
Science Foundation (41522403) and
National Basic Research Program of
China (2014CB845904). Z. Zhang
acknowledges support from National
Natural Science Foundation of China
(41020134003). J.F. Lin acknowledges
support from Deep Carbon Observatory
of the Sloan Foundation, NSF
Geophysics, and Center for High
Pressure Science and Technology
Advanced Research (HPSTAR). GSECARS
is supported by the National Science
Foundation - Earth Sciences (EAR-
1128799) and Department of Energy-
GeoSciences (DE-FG02-94ER14466).
A.PS. is supported by DOE-BES, under
contract DE-AC02-06CH11357.
Experimental data for Figure 2 and the
data file for the crystal structure of
CaCO3-Vll phase can be found in the
supporting information. More detailed
information of the experimental results
are also available in the supporting
information.

and/or dolomite-olivine reactions (Biellmann et al., 1993; Hammouda, 2003; Kushiro et al., 1975; Martinez
et al.,, 1996; Shirasaka et al., 2002). The residual CaCO; could thus be present in the form of CaCO3-VIl at
the topmost lower mantle, and some of them could be captured as inclusions in diamonds as shown in recent
petrological studies (Brenker et al., 2007; Kaminsky et al., 2009, 2016; Wirth et al., 2009). CaCO3-VIl is thus a
potential carbon-bearing phase in this region.

Even in cold slabs, our results show that CaCOs-VII will react with Stv, which is an abundant mineral in the
mid-ocean ridge basalt, possibly releasing CO, to the surrounding mantle (Figure 4). It is worth noting that
similar reaction between aragonite and Stv to form Ca-Pv may also occur at high pressures and temperatures,
but future experiments will be needed to validate this hypothesis. The residual aragonite will transform into
CaCO0s-Vll, which may be captured by diamonds as inclusions or continually react with Stv (Brenker et al.,
2007; Kaminsky et al., 2009, 2016; Wirth et al., 2009). The CO, released by the CaCOs-VII-Stv reaction, together
with the possible presence of water, will lower the melting temperature likely leading to the formation of the
C-O-H-bearing fluid or melt needed for the growth of diamonds (Dasgupta & Hirschmann, 2006; Litasov &
Ohtani, 2009). The local abundance of Ca-Pv produced by the CaCOs-VII-Stv reaction will be higher than that
of the normal mantle (Burnham et al., 2016). This observation could explain why the abundance of Ca-Pv in
some deep diamonds is higher than what is expected from typical mantle mineralogy (Burnham et al., 2016;
Walter et al., 2008) and why ferropericlase is absent from recently found deep diamonds (Smith et al., 2016).
Meanwhile, the residual CaCOs3 from the CaCOs-VII-Stv reaction can be captured by diamonds as inclusions or
transformed into post-aragonite, thereby becoming the carbon-bearing phase responsible for the transport
of carbon to even deeper depths (Brenker et al., 2007; Kaminsky et al., 2016; Wirth et al., 2009). However, the
residual CaCOs after the CaCOs3-VII-Stv reaction could be limited. Magnesite (MgCOs), the potential reaction
product between dolomite (and/or CaCOs) and mantle enstatite (and/or olivine), is likely to be the major
phase responsible for delivering carbon to the middle and bottom of the lower mantle for the formation
of superdeep diamonds (Maeda et al., 2017; Walter et al., 2008). As a result, the CaCOs-VII phase of CaCO3
is an important carbon bearing phase at the topmost lower mantle and a crucial source for generating the
CO,-enriched fluid environment. These findings improve the understanding of the deep carbon circulation
and the compositions of some deep diamond inclusions.”
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