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We report on laser-heated diamond anvil cell (LHDAC) experiments in the FeO-MgO-SiO,-CO;, (FMSC)
and Ca0-Mg0-Si0,-C0O, (CMSC) systems at lower mantle pressures designed to test for decarbonation
and diamond forming reactions. Sub-solidus phase relations based on synthesis experiments are reported
in the pressure range of ~35 to 90 GPa at temperatures of ~1600 to 2200 K. Ternary bulk compositions
comprised of mixtures of carbonate and silica are constructed such that decarbonation reactions produce
non-ternary phases (e.g. bridgmanite, Ca-perovskite, diamond, CO,-V), and synchrotron X-ray diffraction

Keywords: and micro-Raman spectroscopy are used to identify the appearance of reaction products. We find that
carbonate carbonate phases in these two systems react with silica to form bridgmanite +Ca-perovskite + CO,
subduction at pressures in the range of ~40 to 70 GPa and 1600 to 1900 K in decarbonation reactions with

lower mantle
decarbonation
diamond

negative Clapeyron slopes. Our results show that decarbonation reactions form an impenetrable barrier
to subduction of carbonate in oceanic crust to depths in the mantle greater than ~1500 km. We also
identify carbonate and CO,-V dissociation reactions that form diamond plus oxygen. On the basis of
the observed decarbonation reactions we predict that the ultimate fate of carbonate in oceanic crust
subducted into the deep lower mantle is in the form of refractory diamond in the deepest lower mantle
along a slab geotherm and throughout the lower mantle along a mantle geotherm. Diamond produced
in oceanic crust by subsolidus decarbonation is refractory and immobile and can be stored at the base
of the mantle over long timescales, potentially returning to the surface in OIB magmas associated with

deep mantle plumes.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction While absolute carbon abundances are challenging to constrain,

estimates of the H/C ratio in bulk silicate earth indicate that

Carbon is essential for habitability at earth’s surface and un-
derstanding how it cycles through exterior and interior reservoirs
is fundamental for modelling the evolution of carbon through ge-
ological time (Sleep and Zahnle, 2001). The abundance of carbon
in earth’s interior is highly uncertain with estimates for carbon
in bulk silicate earth varying by more than an order of magni-
tude from ~20 to 800 ppm (Dasgupta and Hirschmann, 2010;
Marty, 2012; Sleep and Zahnle, 2001), and estimates for the core
ranging from very little to several weight% (Chen et al., 2014;
Dasgupta and Walker, 2008; Wood et al., 2013).
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this ratio is greater than the primitive chondritic ratio (Halliday,
2013; Hirschmann and Dasgupta, 2009; Marty, 2012), a feature
which can ostensibly be explained by solution of carbon into iron-
rich liquid metal during high pressure-temperature core segrega-
tion. However, H/C in earth’s exosphere (crust and atmosphere)
is also markedly higher than in the upper mantle source of
basalts, a feature that requires fractionation between the exosphere
and the mantle reservoir independent of core formation, sug-
gesting a long-lived deep mantle reservoir, possibly in the lower
mantle (Hirschmann and Dasgupta, 2009). Carbon sequestration
in the mantle may have occurred early during earth’s accretion
and magma ocean stage, or by continuous subduction of carbon-
bearing oceanic crustal materials into the deep mantle throughout
much of earth’s history.

0012-821X/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Carbon is added to the top few hundred meters of oceanic
crust largely as carbonate by reaction with seawater, and average
basaltic oceanic crust is estimated to contain about 2.5 wt.% CO,
(Coogan and Dosso, 2015; Coogan and Gillis, 2013). Carbon is also
deposited as either carbonate or other reduced carbon compounds
in subducted sediments (Plank and Langmuir, 1998). Estimates of
the global return flux of carbon to the mantle (i.e. past the volcanic
front) by subduction of oceanic lithosphere are inexact, ranging
from negligible to considerable (e.g., ~60 Mton/year) (Dasgupta
and Hirschmann, 2010; Kelemen and Manning, 2015).

1.1. Carbonate in the deep mantle

The form of carbon in earth’s deep interior depends on many
factors including pressure, temperature and bulk composition. In
peridotitic mantle compositions carbonate may not be stable at
depths below a few hundred kilometers due to the low intrinsic
oxygen activity of peridotitic mineral assemblages, and the sta-
ble form of carbon will be diamond or iron carbide (Frost and
McCammon, 2008; Stagno et al., 2013). Carbonate stability in sub-
ducted basaltic oceanic crust depends especially on oxygen activity
and carbonate solubility in aqueous fluids released from the slab
during dehydration, which depend on the pressure-temperature
path during subduction and the metamorphic mineral assemblage.
However, modelling of oceanic crustal oxygen activity and slab
devolatilization processes using phase equilibrium data indicate
that more than half of subducted carbonate may be transported
past the volcanic front and into the deeper mantle (Gorman et
al., 2006; Kerrick and Connolly, 2001; Molina and Poli, 2000;
Poli et al, 2009; Stagno et al., 2015; Yaxley and Green, 1994).
Indeed, the presence of carbonate minerals included in sublitho-
spheric diamonds provide material evidence for carbonate sub-
ducted at least to transition zone depths (Brenker et al., 2007;
Bulanova et al., 2010).

In basaltic oceanic crustal compositions carbonate minerals co-
exist with majoritic garnet and stishovite in the transition zone
(Sekine et al., 1986), and with bridgmanite, Ca-perovskite, an SiOy
polymorph (stishovite, CaCl,-type phase or seifertite) and an alu-
minous phase (either the NAL or CF-type phase) in the lower man-
tle (Ono et al.,, 2001; Ricolleau et al., 2010). In the CaCO3-MgCO3
system dolomite breaks down to magnesite 4+ aragonite at pres-
sures between ~6 and 10 GPa and 1200 to 1500 K (Luth, 2001),
and which of these phases dominates in basaltic protoliths de-
pends critically on bulk composition. In Mg-rich protoliths mag-
nesite is the dominant carbonate coexisting with a Na-carbonate
phase in the deep upper mantle and transition zone (Thomson
et al., 2016b), whereas in more calcic bulk compositions arago-
nite may become the dominant carbonate phase (Kiseeva et al.,
2013). At lower mantle pressures the stable carbonate phase or
phases in a basaltic protolith is uncertain. In the endmember
CaCOs3 system aragonite is stable at pressures >~5 GPa and is re-
placed by CaCO3-VII at ~25 GPa, by post-aragonite at ~40 GPa
and a pyroxene-structured CaCO3-P2 phase at pressure of ~80
GPa or more (Bayarjargal et al., 2018; Gavryushkin et al., 2017;
Lobanov et al., 2017; Ono et al., 2007; Zhang et al., 2018). No
experimental data exist in the system magnesite-dolomite at the
investigated experimental conditions, however, on the basis of the
closure of the magnesite-dolomite solvus in the phase diagram at
6 GPa (Buob et al., 2006), it seems probable that at lower man-
tle temperatures the system is super-solvus. In the endmember
MgCO3 system magnesite is reported to be stable up to deep lower
mantle pressures where it transforms to the magnesite-Il phase
somewhere in the range of 80 to 115 GPa (Biellmann et al., 1993;
Isshiki et al., 2004; Maeda et al., 2017; Oganov et al., 2008). In the
more complex Fe-Mg-Ca carbonate system dolomite has an en-
hanced stability and is replaced with dolomite Il above ~17 GPa,
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Fig. 1. Pressure-temperature diagram showing phase relations in the

MgO0-Si0,-C0O, (MSC) system at lower mantle pressures. The black solid reac-
tion boundaries are from Maeda et al. (2017) and the grey boundaries are from
Seto et al. (2008). The short-dashed line is the CO, breakdown reaction in the C-O
system as determined by Litasov et al. (2011). The long-dashed line is the decar-
bonation reaction in the Ca0-Si0,-CO, (CSC) system as determined by Li et al.
(2018). Brd = bridgmanite; Mgs = magnesite; Mgsll = magnesite II; Cc = calcite;
CaPv = Ca-perovskite; St = stishovite; CS = CaCl;-structured SiO,; Se = seifertite;
Ppv = post-perovskite; Dia = diamond.

dolomite III above ~35 GPa and dolomite IV in the deep lower
mantle (Mao et al.,, 2011; Merlini et al., 2017; Merlini et al., 2012).
Thus, a dolomite phases could be an important carbonate in sub-
ducted lithologies in the lower mantle.

Decarbonation of carbonate in the presence of a free silica
phase has been reported experimentally and predicted theoret-
ically at lower mantle pressures and high temperatures in the
systems Mg0-Si0,-C0O, (MSC) and Ca0-Si0,-CO, (CSC) (Li et al.,
2018; Maeda et al., 2017; Oganov et al.,, 2008; Seto et al., 2008;
Takafuji et al, 2006; Zhang et al., 2018) via reactions of the
form:

MgCO; + Si0; — MgSiO3 + CO2, 1)
CaCOj; + Si0; — CaSiO3 + €O, 2)
MgCO; + Si0; — MgSiO3 + C + 0. 3)

Fig. 1 shows phase relations summarising the results of recent
studies in the MSC and CSC systems. Maeda et al. (2017) and
Seto et al. (2008) reported that decarbonation reaction (1) occurs
at ~1900 to 2200 K at pressures of 40 to 80 GPa with a nega-
tive Clapyron slope, and suggested that carbonate may be stable
along a cold subducted slab geotherm. Maeda et al. reported a
CO, breakdown reaction resulting in a diamond stability region
extending to a minimum temperature of ~1700 K at 80 GPa that
is caused by the intersection of the decarbonation reaction with
the phase transition from magnesite to magnesite II, and they pos-
tulated a region where diamond would form in the mid-lower
mantle in subducted oceanic crust on this basis. In the CSC sys-
tem, Li et al. (2018) reported on experiments showing that CaCO3
decarbonation in the presence of silica occurs at ~1400-1600 K
at 40 to 60 GPa but with a positive Clapyron slope. Zhang et al.
extended these findings and predict from theory that CaCOs; de-
carbonates in the presence of silica at temperatures of ~1400 to
2000 K from 40 to 140 GPa, and also suggest a low-temperature
excursion of the reaction in the mid-lower mantle due to a phase
change from post-aragonite to CaCO3-P2 phase.

The experiments presented in this study are explicitly de-
signed to investigate the fate of the carbonate component in basalt
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Table 1
Starting compositions (wt%).
CMSC_3  FMSC_1
MgCO;  42.66 44,86
FeCO3 - 15.38
CaCOs 16.89 -
Si0; 40.45 39.76

that is subducted into the lower mantle, and to determine what
form that carbon would take in oceanic crust subducted to the
base of the mantle where it can be plausibly stored on geologi-
cally long timescales. We test for high-pressure decarbonation and
diamond forming reactions in the systems CaO-MgO-Si0,-CO,
(CMSC) and FeO-Mg0-Si0,-CO; (FMSC) at lower mantle pres-
sures, representing an increase in chemical complexity approach-
ing natural compositions. We report on LHDAC experiments and
subsequent analysis of the recovered run products by synchrotron
X-ray diffraction and micro-Raman spectroscopy, and use these
data to constrain the stability of carbonate in deeply subducted
oceanic crust.

2. Material and methods
2.1. Starting compositions

Starting compositions were synthesized in the CMSC and FMSC
systems by mixing carbonates with silica glass (Table 1). Fig. 2
shows chemographic relations in these systems that illustrate the
method used here to deduce decarbonation reactions. The start-
ing compositions are designed to lie on a ternary plane described
by carbonate (magnesite + calcite or magnesite + siderite) and
Si0;. If carbonate remains stable in the presence of SiO,, then the
system will remain ternary, and at high pressure and temperature
the expectation would be for a carbonate solid solution (or pos-
sibly two carbonate phases) to coexist with an SiO, polymorph.
However, if a decarbonation reaction occurs, then the system will
become quaternary (or quinary if the products are C + Oy) via re-
actions such as:

(Mg, Fe)CO; + Si0; = (Mg, Fe)SiO; + CO, (4)
CaMg(CO3); + 25i0, = MgSiO; + CaSiO3 + 2C0; (5)

The key advantage to making compositions on the ternary plane
is that recognition of a decarbonation reaction only requires iden-
tification of the presence of non-ternary phases in quenched run
products (e.g. bridgmanite (brd), Ca-perovskite (CaPv), diamond or
CO,). Another advantage is that potential variations in the start-
ing compositions loaded into the DAC due to the inherently small
sample size are irrelevant, because any starting mixture is confined
to lie on the carbonate plus silica plane.

In the CMSC system (Fig. 2a) the starting composition is a mix-
ture comprising magnesite (natural crystal with < 0.5% minor and
trace elements) and calcite (Alfa Aesar 99.9%) in a 3:1 ratio plus
Si07 glass (Corning 99.99%). In the FMSC system (Fig. 2b) we made
a composition with a 4:1 molar mixture of magnesite and siderite
(synthesized as described in Thomson et al. 2016a, 2016b) plus
Si0, glass. In both mixtures we purposefully designed the com-
positions so that carbonate would be the limiting reactant and all
experiments contain excess SiO, (see Fig. 2).

Approximately 10 wt.% Pt-black was added as a laser coupler
to the Fe-free CMSC composition. All mixtures were ground under
acetone in an agate mortar for ~2 to 4 hours to achieve homo-
geneous, finely powered samples with the grain size mode in the
range of ~1 to 3 um. We note that any contamination of the start-
ing mixture with SiO, from the agate mortar will have no effect on

the phase relations as the bulk composition remains on the ternary
plane. Following grinding, the powdered samples were stored at
120 °C in a vacuum oven to minimize absorption of atmospheric
water.

2.2. Laser-heated diamond anvil cell experiments

High pressure (P) and temperature (T) experiments were per-
formed in Princeton-type symmetric diamond anvil cells with
double-sided laser heating. Diamonds with culet diameters rang-
ing from 200 to 250 pm were employed. Sample chambers ~50
to 70 pm in diameter were laser-drilled into Re gaskets pre-
indented to a thickness of ~50 um. Powdered starting materials
were pressed between two opposing diamonds with culet diame-
ters of 500 pm to produce thin foils ~10 to 15 pm thick. A ~30 to
50 um diameter chip of this material was loaded into each sample
chamber between ~15 to 20 pm thick laser-cut form-fitting discs
of NaCl to thermally insulate the samples from the diamonds.

High temperature conditions were achieved using the Bristol
laser-heating system described in detail by Lord et al. (2014a,
2014b), with double-sided heating from two 100 W Yb-doped
yttrium-aluminium-garnet (YAG) fibre lasers. Beam shaping optics
are used to provide a ‘flat top’ beam profile over an ~20 um
spot to reduce radial temperature gradients. Temperature was
measured using standardized radiometric techniques as described
in detail previously (Lord et al., 2014a; Walter and Koga, 2004,
Walter et al.,, 2015). Experiments were held at temperature for up
to one hour between ~35 and 89 GPa and ~1600 and 2200 K,
as reported in Table S1. The temperature was taken as a temporal
average of the maximum recorded temperature at each time step,
while the error in temperature was determined from the standard
deviation from this mean value. The temporal and spatial average
of the temperature recorded over the 1-D profile at each time step
is also provided in Table S1.

Pressure was determined before and after heating from the Ra-
man shift of the singlet peak of the diamond anvil at the culet
surface that is related to stress in the (001) direction (Hanfland et
al., 1986). We use confocal micro-Raman spectroscopy as described
below and the Raman shift is calibrated for pressure relative to the
ruby scale (Mao et al., 1986) using the calibration of Walter et al.
(2015). The measurement precision is about 0.1 GPa and the ac-
curacy ~2 GPa due to uncertainty in measuring the ruby pressure
in the calibration. Pressures are reported as post-heating measure-
ments and are typically within 5% of the pre-heating pressure. No
correction is made for thermal pressure during heating, which may
be of the order 10% or less of the post-heating pressure at the
modest temperatures in this study (Belonoshko and Dubrovinsky,
1997; Heinz, 1990).

2.3. Synchrotron X-ray diffraction

Angle-dispersive X-ray diffraction (XRD) measurements were
collected from pressure-temperature quenched samples recovered
from the DAC, or temperature-quenched samples at high pressure,
at beamline 115 at the Diamond Light Source, UK, with an X-ray
wavelength A = 0.4246 A. A 20 pm incident beam pinhole col-
limator was employed and two-dimensional diffraction patterns
were measured using a MAR charge-coupled device (CCD) detec-
tor. Diffraction was taken whenever possible at the centre of the
heated spot(s) as recorded during the experiment. For samples
FMSC1-26 to 32 and CMSC3-21, P-T quenched XRD measurements
were collected using a MAR CCD detector at beamline ID27 at
the European Synchrotron Radiation Facility (ESRF), France, with
a micro-focused X-ray beam with dimensions of 3 x 4 ym? and
wavelength A = 0.37388 A. The sample to detector distance was
calibrated using the diffraction patterns measured for CeO, or LaBg
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(a) Ca0-MgO-5i0,-CO,

carbonate_ + SiO, =
bridgmanite + CaPv + CO,
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(magnesite + calcite
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(b) FeO-MgO-5i0,-CO,

carbonate_ + SiO, =
bridgmanite_ + CO,

starting composition
(magnesite + siderite
+ 8i0, glass)

sio,

bridgmanite stishovite

MgO

periclase

Fig. 2. Quaternary diagrams in the systems (a) CaO-Mg0O-Si0,-CO; and (b) FeO-Mg0-SiO,-CO, illustrating our approach to choosing starting compositions and detecting
decarbonation reactions. Starting mixtures are confined to ternary planes defined by carbonate + SiO;, and decarbonation produces quaternary phases such as bridgmanite,
Ca-perovskite (CaPv) and CO, or quinary phases if C (diamond) + O, are reaction products.

standards and integrated to one-dimensional profiles, accounting
for geometrical effects and incident beam polarisation, using the
program GSAS-II (Toby and Von Dreele, 2013). Lattice parameters
of quenched phase were determined by full profile fitting of the
diffraction profiles using the Le Bail method (Le Bail et al., 1988)
as implemented in the GSAS suite of programmes (Larson and Von
Dreele, 1994; Toby, 2001).

2.4. Micro-Raman spectroscopy

Micro-Raman spectroscopy was utilised for pressure measure-
ment and to identify the presence of diamond and CO, in run
products. Spectra were acquired with a Jobin-Yvon T64000 triple
spectrometer operating in confocal mode with 2400 gr/mm grat-
ings. Typical spectral resolution is ~0.1-0.3 cm~' depending on
spectrometer configuration. A 532 nm laser is focused onto the
sample through a 50x long working distance objective creating a
~3 to 5 pm spot on the sample. When measuring sample pres-
sure in the DAC, the laser is focused at the culet surface, and the
confocal resolution is maximized. After heating, pressure is mea-
sured in the same place the sample was heated. When searching
for diamond in P-T quenched run products, a Raman map cov-
ering the sample chamber was made using a grid of points with
3-5 um steps, and 10-30s acquisitions at each point with spectra
centered on the 1332 cm~! diamond vibration. When searching
for CO, in T-quenched run products confocal Raman spectra are
taken from 200 to 1300 cm~! with acquisition times of up to four
hours.

3. Results
3.1. Evidence for decarbonation reactions

Experimental conditions and the phases identified by XRD and
Raman in the quenched run products are provided in Table S1.
In addition to the synthesized silicate and carbon-bearing phases,
diffraction patterns also contain peaks from the Re gasket, Pt-black
absorber, and NaCl pressure media. The experiments reported on
here are synthesis experiments and phase boundaries have not
been reversed. Most experiments were made at a single pressure

Brd NaCl Brd St NaCl Mag

Mag Brd Re

relative intensity

CMSC3_4
46 GPa
1780 K

L d)
CMSC3_10

Fig. 3. Selected X-ray diffraction patterns showing relative intensity versus scatter-
ing angle 20 for P-T quenched run products in the CMSC and FMSC systems (see
Table S1). The diffraction lines are labelled according to identified phases; Brd =
bridgmanite, St = stishovite, Mag = magnesite as well as the NaCl pressure medium
and Re gasket.

and temperature with the aim of detecting whether a decarbona-
tion reaction occurred by interrogating quenched samples for the
presence of non-ternary phases (i.e. bridgmanite, Ca-perovskite, di-
amond or CO»).
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3.1.1. Identification of non-ternary silicate phases by X-ray diffraction

Fig. 3 shows diffraction patterns from the FMSC and CMSC sys-
tems that illustrate the detection of decarbonation reactions in our
synthesis experiments. In experiments P-T quenched from 51 GPa
and 1755 K (FMSC) and 46 GPa and 1780 K (CMSC) we observe the
presence of stishovite and carbonate in the run products with no
indication of a reaction to form bridgmanite (Fig. 3a and 3c). In
contrast, in experiments at higher pressures (Fig. 3b and 3d) the
synthesized run products contain bridgmanite with all of the car-
bonate phase exhausted. These diffraction patterns are typical of
those obtained from run products and illustrate the unequivocal
occurrence of decarbonation reactions by identifying the presence
of non-ternary bridgmanite. However, the nature of the carbon-
bearing phase produced upon decarbonation is not always obvious
from diffraction alone.

3.1.2. Detection of diamond phases by Raman

The products of the decarbonation reactions that produce bridg-
manite and/or Ca-perovskite must also produce CO,, or C+ Oy, in
reactions analogous to (1)-(5) above. Both C (diamond) and CO;
(phase V) are challenging to detect with X-ray diffraction due to
their low scattering efficiency and given the tiny volume of mate-
rial being probed in our experiments (~2000 ym> for diffraction
and 50 pm3 for Raman). To aid in the detection of diamond, each
P-T quenched run product was mapped with a confocal Raman
microscope as described above. We found that diamond is read-
ily detected with this method and diamond-bearing experiments
typically show a well-defined 1332 cm~! fundamental Raman vi-
bration. Fig. 4 shows examples typical of X-ray and Raman de-
tection of diamond in P-T quenched experiments in the CMSC
system. Here we rely on a combination of Raman mapping and X-
ray diffraction for detecting diamond in experiments with Raman
providing the most definitive observations (Table S1).

At the P-T conditions of the experiments reported here, if
present CO, should be in the form of solid phase V (lota et al.,
2007). In P-T quenched samples any solid CO, formed by reac-
tion will outgas upon decompression. Therefore, we searched for
evidence of solid CO,-V by in situ diffraction in a temperature-
quenched experiment at 65 GPa (CMSC3_16) but were unable
to identify any diffraction lines. To further test for the pres-
ence of CO,-V we made two experiments without a pressure
medium to maximize the amount of material present (CMSC3_18
and CMSC3_19, Table S1). The temperature-quenched run products
were examined using confocal Raman and the results are shown in
Supplemental Figure S1. We view these results as inconclusive but
note that the Raman patterns taken at 63 and 75 GPa, although
weak, are suggestive of the presence of solid CO,-V in the run
products. Our ability to define reaction boundaries does not de-
pend on detection of CO, and we assume the presence of solid
CO,-V in experiments where we observe the formation of bridg-
manite but do not observe the presence of diamond.

3.1.3. Detection of Ca-perovskite in the CMSC system

Fig. 2a shows that the presence of bridgmanite requires a non-
ternary reaction that produces CO; (or C + 03), and because of
the relatively small Ca substitution into bridgmanite another cal-
cic phase is required for mass balance in the CMSC system (e.g.
reaction (5)). Ca-perovskite is the likely candidate, but this phase
becomes amorphous on pressure quenching and was not clearly
detectable in our P-T quenched samples by diffraction. To con-
firm the presence of Ca-perovskite and to investigate the nature of
the carbonate phase at high pressure, we made high-P in situ mea-
surements in experiment CMSC3_16. In this experiment we first
heated to 1738 K at 55 GPa for 20 minutes and did not detect
the presence of either bridgmanite or Ca-perovskite. We then in-
creased pressure to 65 GPa and heated at 1780 K for 30 minutes.
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Fig. 4. Example X-ray diffraction patterns (a) and Raman spectra (b) illustrating the
detection of diamond in P-T quenched run products in the CMSC system. Dashed
lines in (a) show diffraction lines for Re gasket, bridgmanite and diamond and
in (b) show the position of the fundamental Raman peak for diamond. Note that
CMSC3_15 shows no indication of diamond in either diffraction or Raman spectra,
whereas experiment CMSC3_8 shows the presence of diamond in both.

Fig. 5 is the diffraction pattern taken at 65 GPa that shows the
coexistence of bridgmanite and Ca-perovskite together with SiO;
in the CaCly structure, as required by chemography (Fig. 2); note
that at pressures above ~60 GPa the expectation is that the CaCl,
phase is the stable SiO; polymorph in all our experiments. From
these observations, we assume that all experiments in the CMSC
system in which bridgmanite forms by decarbonation also contain
Ca-perovskite.

3.2. Carbonate phases

Our P-T quenched experiments in the FMSC and CMSC systems
show the presence of a magnesite-structured phase in carbonate-
bearing run products. In the FMSC system, chemography dictates
a ferro-magnesite solid solution at the experimental conditions
(Fig. 2b), and diffraction taken at high pressure in this system (Ta-
ble S1) confirms a magnesite-structured phase.

In the CMSC system, on the basis of the 3:1 molar mixture of
MgCO3:CaCOj3 in the starting composition, we expect either a com-
plete solid solution or a two-phase mixture (e.g. magnesite plus a
dolomite stoichiometry phase or magnesite plus a CaCOs; phase)
at experimental conditions (Fig. 2a). Diffraction patterns from P-T
quenched run products are dominated by magnesite, but all but
one of the magnesite-bearing experiments contain a diffuse, low
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Fig. 5. Full profile GSAS fit to a diffraction pattern in sample CMSC3_16 taken at 65 GPa and quenched from 1780 K. The diffraction pattern shows the presence of a carbonate
phase with multiple peaks that index to a dolomite III structured phase (Merlini et al., 2012). The pattern also shows the presence of bridgmanite and Ca-perovskite, which
are products of a decarbonation reaction between carbonate and stishovite (also present).

to medium intensity peak that can be indexed to the most in-
tense calcite line (104), although we could not identify any other
calcite lines. In contrast, there is no indication of magnesite or a
CaCOs3 phase in diffraction patterns taken at 65 GPa in experiment
CMSC3_16 which contains Brd + Ca-Pv + St as described above,
but a decent full profile fit to the pattern is obtained (e.g. Fig. 5)
when starting with the unit cell parameters for dolomite III as re-
ported in an experiment at 56 GPa by Merlini et al. (2012) and
making minor adjustments to account for pressure. As the phase is
triclinic there are many diffraction lines, but the low angle peaks
of a dolomite Il structured phase are especially diagnostic in the
diffraction pattern (Fig. 5). This result suggests that in the CMSC
system a solid solution exists between CaMg(CO3), and MgCOs3 at
lower mantle conditions with a dolomite III like structure, yielding
the decarbonation reaction where x is mole fraction from 0 to 1:

CaxMg;_x)(€C03)2 + 2Si02 = (2 — x)MgSiO3 + xCaSiO3 + 2C0,
(6)

Luth (2001) showed that in the CaO-MgO-CO; system
CaMg(CO3), dolomite is unstable relative to magnesite + calcite at
pressure above ~10 GPa at ~1600 K with the reaction boundary
having a positive Clapyron slope. Biellmann et al. (1993) observed
magnesite and calcite in P-T quenched run products in LH-DAC
experiments at 20 and 50 GPa (1500-2500 K) using a bulk com-
position comprising CaMg(CO3), and natural enstatite in apparent
contradiction to our observations of a stable dolomite III structured
phases at high pressure. However, we observe that dolomite struc-
tured phases are not present in our P-T quenched run products
and we observe magnesite + calcite, suggesting that the dolomite
[l structured phase is unquenchable and the presence of magne-
site & minor calcite indicates un-mixing of the carbonate upon
pressure quenching. This unmixing also explains the results of
Biellmann et al. (1993), as they made observations based only on
P-T quenched run products. Merlini et al. (2012, 2017) suggested
that the presence of minor amounts of iron stabilize the high-
pressure dolomite phases relative to magnesite + calcite at high

pressure. Our results indicate that dolomite Il structured phases
could be stable relative to magnesite + CaCO3 phases in the lower
mantle even in the iron-free system, although further investiga-
tions are needed to verify the stable carbonate phase in subducted
oceanic crust.

3.3. Decarbonation phase relations

Experimental results in the FMSC and CMSC systems are plotted
on P-T diagrams in Fig. 6. On the basis of our synthesis experi-
ments we define three general reactions common to both systems.
Decarbonation reaction (a) is the breakdown of carbonate in the
presence of SiO, to form bridgmanite + Ca-perovskite (CMSC) +
CO, (e.g. reactions (4) and (5) above). The position of this reaction
boundary is best bracketed in the FMSC system and is constrained
to have a negative Clapeyron slope (Fig. 6a). In this system reaction
(a) is divariant as both ferromagnesite and bridgmanite are solid
solutions, and so it occurs over a P-T range rather than along
a single univariant boundary. On the basis of experiments where
magnesite is eliminated in the reaction, the indication is that for
our bulk composition the width of the boundary is < 10 GPa, as
shown schematically on Fig. 6a. In the CMSC system decarbona-
tion reaction (a) is nearly coincident but possibly at a somewhat
higher pressure than the reaction in the FMSC system.

Reaction (b) in Fig. 6 is a decarbonation reaction in which C
(diamond) + O is produced directly from reaction of carbonate
with SiO;. While our data do not constrain the position of this re-
action it must occur as a result of intersection of the breakdown
reaction (c) CO; = C 4+ O, with decarbonation reaction (a). The ex-
periments containing diamond indicate a slightly negative slope to
reaction (c) in the FMSC system, and we have drawn a similar re-
action boundary in the CMSC system although the slope is not well
constrained. Data from the two systems are consistent in indicat-
ing that above ~1800 to 1900 K, CO, breaks down to diamond
plus O, over the entire pressure range investigated. In the region
between reactions (a) and (c) on Fig. 6 the stable carbon-bearing
phase is CO,-V.
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Fig. 6. Pressure-temperature plots showing decarbonation reaction boundaries in a) the FMSC and b) the CMSC systems. In panel b) the dashed lines are reaction boundaries
in the CMSC system and the grey lines are from the FMSC system for comparison. Open symbols indicate experiments where carbonate and silica are stable and filled
symbols indicate experiments where the presence of non-ternary phases formed in decarbonation reactions, which are labelled. Symbols encased in a diamond indicate the
presence of diamond in run products, and broken diamonds denote samples where the presence of diamond remains ambiguous.

Previous experiments show that at pressures up to 25 GPa de-
carbonation occurs upon melting in the MSC system, with a melt-
ing temperature at 25 GPa of ~2100 K (Kakizawa et al., 2015),
already hundreds of degrees above the temperatures of the decar-
bonation reactions observed at 40 GPa and above in this study.
A possible explanation for the change from a melting decarbon-
ation reaction at lower pressures to a subsolidus decarbonation
reaction at higher pressures as observed in this and other stud-
ies is the negative slopes of the decarbonation reactions (Fig. 6).
At lower pressures the decarbonation reaction occurs at higher
temperatures, and when the decarbonation reaction intersects the
melting curve in a carbonate-silicate system, melting of the car-
bonate component occurs at a lower temperature than does solid
state decarbonation.

Melting temperatures in the FMSC and CMSC systems have not
been determined at lower mantle pressures. We note that all the
temperatures reported on here are lower than the melting curves
in the MgSiO3-MgCO3; and MgCO3-CaCO3 systems as determined
in our lab (Thomson et al., 2014), with the key experiments that
bracket the decarbonation reaction hundreds of degrees lower than
this melting determination. We did not observe any thermal per-
turbations indicative of melting during temperature ramping (Lord
et al,, 2014a; Lord et al., 2014b; Walter et al., 2015) or during the
long, nearly isothermal heating periods. We do note that in sev-
eral failed experiments, samples ‘flashed’ during heating to some
unknown but much higher temperature. These samples may have
melted, but in any case, we deem them unreliable in terms of con-

straining phase relations and in each case diamond was formed in
the experiment.

Fig. 7 shows reaction boundaries from the FMSC system com-
pared to reactions observed in previous studies in the MSC and
CSC systems as shown in Fig. 1 (Li et al., 2018; Maeda et al., 2017,
Seto et al., 2008; Zhang et al., 2018). The negative Clapeyron slope
of the decarbonation reaction in FMSC (e.g. Mgs + St = Brd +
CO,) is consistent with that found for this reaction in the MSC sys-
tem (Maeda et al., 2017), however, we locate it ~400-500 K lower
in temperature. We note that the decarbonation reaction in FMSC
is nearly coincident with the CO, = C + O; reaction boundary
found by Litasov et al. (2011) on samples of pure CO;. In contrast
to decarbonation reactions found in this study and in the MSC sys-
tem, the decarbonation reaction boundary in the CMC system has
a positive Clapyron slope on the basis of both experiment and the-
ory (Li et al., 2018; Zhang et al., 2018).

A significant difference between our study and that of Maeda
et al. (2017) in the MSC system is the location of the CO, break-
down reaction to form diamond plus oxygen (Fig. 7). These authors
label the reaction as bridgmanite + CO, =bridgmanite + C + O,.
However, unless bridgmanite participates in the reaction (e.g. so-
lution of silicate and CO;), this is effectively the CO, breakdown
reaction, CO, =C + O,. Maeda et al. (2017) locate a steep, tem-
perature insensitive reaction at ~80 GPa that is inconsistent with
the much shallower negative slope of the CO, breakdown reac-
tion found by Litasov et al. (2011) and the decarbonation reactions
found in this study. Our diamond-forming CO, breakdown reaction
has a less shallow slope than that of Litasov et al. overlapping in
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Fig. 7. Pressure-temperature diagram showing decarbonation reactions observed in
this study in the FMSC system relative to decarbonation reactions observed in the
MSC, CSC and C-O systems with reaction boundaries and phase labels as in Fig. 1.

temperature at ~40 GPa. The difference between the CO, break-
down reaction in our study and that in Litasov et al. could result
from solution of bridgmanite into CO, or vice versa although we
have no evidence to confirm or refute this possibility.

4. The fate of deeply subducted carbonate in oceanic crust

Fig. 8 shows generalised phase relations for carbonated oceanic
crust that survives beyond the volcanic front at subduction zones.
Deeply subducted carbonate in oceanic crust may induce melting
of oceanic crust in the transition zone along all but the coolest
slab-surface geotherms due to a pronounced reduction in the
solidus of carbonated basalt at these depths (Kiseeva et al., 2013;
Thomson et al., 2016b). Indeed, mineral inclusions in sublitho-
spheric diamonds from the deep upper mantle and transition
zone testify to a role for carbonated melt from oceanic crust
in their origin (Bulanova et al, 2010; Thomson et al., 2016a;
Walter et al,, 2008), and also carry considerable evidence for re-
cycled oceanic crustal materials both in the carbon isotopic com-
position of the diamonds and the oxygen isotopic composition of
the inclusions (Burnham et al., 2015; Ickert et al., 2013). Thus, car-
bon may be added to the deep upper mantle and transition zone
in the form of diamond by melting of carbonated of oceanic crust
and reaction of carbonated melts with reducing mantle (Rohrbach
and Schmidt, 2011; Walter et al., 2008). As the presence of di-
amond does not lower the melting point of mantle peridotite,
carbon added as diamond can be potentially stored in the tran-
sition zone, although mantle circulation may recycle this carbon
back to the surface at oceanic spreading centers as it is captured in
mantle upwelling beneath mid-oceanic ridges, oxidized to carbon-
ate and melted (‘redox melting’) (Dasgupta and Hirschmann, 2010;
Stagno et al.,, 2013). If oceanic crustal carbonate can avoid melt-
ing in the transition zone along cooler geotherms, or perhaps due
to a higher solidus in more calcic compositions (e.g. Kiseeva et al.,
2013) (Fig. 8), then some fraction of carbonate may be subducted
into the lower mantle in oceanic crust.

Seismic tomography indicates that most subducting lithospheric
slabs eventually sink to the base of the mantle (Van der Voo et al.,
1999; Van der Hilst et al,, 1997), where they accumulate at the
core mantle boundary and presumably reside over long timescales.
Our results show that reaction of carbonate with silica at ~40 to
60 GPa creates a final barrier to subduction of carbonate in oceanic
crust into the deeper lower mantle (Fig. 8). Indeed, decarbona-
tion reactions effectively preclude transport of carbonate in oceanic
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Fig. 8. Pressure-temperature diagram showing generalised carbonate phase rela-
tions in subducted, carbonated oceanic crust. The melting curves of carbonated
basalt at upper mantle and transition zone pressures are from Kiseeva et al. (2013)
(green curve) and Thomson et al. (2016a, 2016b) (purple curve). Also shown are
model geotherms at the surface of subducted oceanic crust and a mantle geotherm
(Katsura et al., 2010; Syracuse et al., 2010). Diamond symbols show schematically
where diamond can be produced via subduction of carbonated oceanic crust. (For
interpretation of the colors in the figure(s), the reader is referred to the web version
of this article.)

crust to depths greater than ~1500 km. Our results indicate that
CO,-V may be stable in oceanic crust over some mid-lower mantle
depth range that would depend on the geotherm, but we predict
that CO, dissociation will make diamond the stable form of carbon
in oceanic crust subducted into the deepest lower mantle. Dia-
mond will be stable in oceanic crust that stagnates in the lower
mantle and thermalizes with the mantle geotherm throughout the
lower mantle (Fig. 8).

Carbon in subducted oceanic crust at the base of the mantle
should remain stable because diamond is refractory and immobile
and will not lower the melting point of the silicate. Diamond is
therefore a potential host for long-term deep mantle storage of
carbon and could potentially contribute to the low H/C ratio of
the mantle relative to the exosphere (Hirschmann and Dasgupta,
2009). On the basis of a modern annual subduction flux of C
(as CO; in carbonate) in subducted oceanic crust of ~25 Mt/year
(Kelemen and Manning, 2015) and assuming as an endmember
case that the entire budget of carbonate in oceanic crust survives
to the lower mantle and dissociates to C + Oy, for an arbitrary
primordial lower mantle carbon content of 100 ppm the carbon
content of the lower mantle would increase by ~8% in 3 Ga, or
by as much as ~80% for a primordial C content of 10 ppm. Thus,
as pointed out by Hirschmann and Dasgupta (2009) for subduction
and deep retention of carbon to be a viable mechanism to account
for the mantle H/C ratio, subducting slabs would need to dehy-
drate and return hydrogen to the surface while retaining carbon,
and the majority of mantle carbon would be recycled.

Release of oxygen as a product of carbonate or CO, dissociation
could be a source of net lower mantle oxidation. Using the same
model assumptions as for carbon, and assuming that all the oxygen
was mobilized and incorporated into the lower mantle, the oxygen
content of the lower mantle as a whole would increase by only
~0.01% over a 3 Ga timeframe. However, the release of oxygen by
decarbonation would likely locally oxidize silicates (e.g. bridgman-
ite) in oceanic crust rather than oxidizing ambient mantle, so that
there would be no net oxidation of the slab by this mechanism. We
reiterate that considerable carbonate loss from subducted oceanic
crust is expected for most subduction geotherms either through
dissolution in fluids in the upper mantle or melting of carbon-
ated oceanic crust at transition zone depths, and the potential flux
of carbon and oxygen into the lowermost mantle in subducted
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oceanic crust may be much less than in these endmember esti-
mates.

Evidence for deep subduction of carbon potentially comes from
ocean-island basalts (OIB) which have distinctly elevated carbon
contents (> 1000 ppm) relative to depleted MORB (< 100 ppm)
(Dasgupta and Hirschmann, 2010). The OIB source has long been
considered to have a recycled oceanic crustal component based
on its distinct geochemistry (Hawkesworth et al., 1979; Hofmann,
1997), and oceanic crust subducted into the deepest lower man-
tle may be an important component in plumes that originate from
near the core-mantle boundary. Thus, elevated carbon in OIB may
potentially be attributed to subducted carbon stored as diamond
in oceanic crust in the deepest lower mantle. Only upon upwelling
to the shallower mantle along a hot mantle geotherm would dia-
mond be expected to eventually oxidize to carbonate, lowering the
solidus of the silicate and contributing to melting in the transition
zone or upper mantle and becoming incorporated into OIB melts.

5. Conclusions

We made laser-heated diamond anvil cell experiments in the
FMSC and CMSC systems to investigate the stability of carbon-
ate in oceanic crust subducted into the lower mantle. Our results
show that carbonate will react with silica at pressures of ~40 to
70 GPa in a decarbonation reaction of the form: carbonate + silica
= bridgmanite + Ca-perovskite + CO,-V. This reaction has a neg-
ative Clapeyron slope and presents a final barrier to subduction of
carbonate beyond mid-lower mantle depths. Solid CO,-V can re-
main stable over some depth range in subducted oceanic crust but
will eventually breakdown to diamond and oxygen at mantle tem-
peratures. Thus, the fate of carbonate deposited in oceanic crust at
the surface is ultimately diamond at conditions of the deep lower
mantle where it may be stored on long timescales and returned to
the surface in upwelling plumes.
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