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GRAPHICAL ABSTRACT

( Crust )

- ©
(‘Oceanic floor ) o ‘O
> Q
- = ® 09’
o o
‘ e . &

Altered oceanic crust
Lithospheric mantle

Oceanic lithosphere

a®
N9 S
L

Mantle transition zone

PUBLIC SUMMARY

= Effects of crystal structure and pressure on CaCO; decomposition are investigated under reducing conditions.
= Graphite formation out of CaCOj; is instantaneous nucleation at 2.5 GPa and 950°C.

= Deep carbonate may undergo saturated decomposition under reducing conditions of the upper mantle.
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The evolution of calcium carbonate at subduction zones can significantly
influence the Earth's long-term climate dynamics and planetary habitability.
Here we report the effects of high pressure on carbonate decomposition
kinetics for the first time. The oxygen fugacity-controlled experiments on
CaCO; were carried out at 1.0-3.0 GPa and 650-1,050°C using a large
volume cubic press. CaCO; is stable at 1.0 GPa, 800°C and relatively reducing
conditions, but it decomposes to produce graphite with increasing pres-
sure to 2.5-3.0 GPa at high temperature. The graphite formation via
carbonate decomposition was initially controlled by instantaneous nucle-
ation with diffusion-controlled growth according to the classical Avrami
model. The nano-sized graphite encapsulated residual samples and then
precluded further decomposition of calcium carbonate. This result
suggests the unexpected evolution of the graphitization and saturated
decomposition of calcium carbonate at 2.5-3.0 GPa under relatively reducing
conditions relevant to the Earth’s upper mantle.

INTRODUCTION

Subduction zones, the most active tectonic boundaries on Earth, are the
primary conduits for carbon cycling between the Earth's surface and deep
interiors." As the major carbon host at subduction zones, calcium carbonate
(CaC0;) plays a key role in linking surface and deep carbon reservoirs.
Subducting carbonates would undergo a series of geological processes
including dissolution in subduction-zone fluids, partial melting, graphitization
(i.e., decarbonization), and decarbonation to release carbon dioxide, which
may be finally recycled back into the atmosphere via the degassing of arc
volcanoes.”” A good number of the remaining subducted carbonates may be
transported further into the mantle transition zone and the lower mantle, even
reaching the core-mantle boundary.*” The phase stability of carbonates
under extreme conditions relevant to the deep mantle, to some extent, dictate
the exchanging efficiency of carbon between the Earth's surface and deep
reservoirs.” Consequently, the long-term atmospheric carbon dioxide levels
and global climate changes shall be linked with how carbonates evolve in
subducting slabs, ultimately shaping the habitability of our planet.”

Among all the subducting carbonate minerals, calcium carbonate (CaCOs)
is the prevailing carbon-bearing material, accounting for ~75% of carbon
fluxes in subduction zones.”"" Thus far, the phase stability of CaCO, has been
extensively explored under high pressure and temperature (P-T)
conditions.*'*" Calcite-structured CaCOs-I undergoes a series of phase
transformations to CaCO4-Il at ~1.5 GPa, CaCOs-Il at ~2.0 GPa and CaCO4-
VI at ~15 GPa and room temperature.'”'*"> As T rises, Ishizawa et al.”®
reported that CaCO5 enters the CaCOs-V phase through an intermediate
phase CaCO4-1V approximately at 985-1240 K in a CO, atmosphere of ~4 bar
and rapidly decomposes into the CaO solid and CO, gas at >1,275 K.
Furthermore, at P > 0.3-0.5 GP, calcium carbonate may not decompose
directly to produce CO,; instead, it first transforms into an amorphous/disor-
dered phase prior to congruent melting.'"'® In particular, Hou et al.'” proposed
that aragonite-structured CaCO; transforms into the amorphous phase
approximately at 3.9-7.5 GPa and >1,000 K; upon further heating, it melts at
about 1,800-1,900 K. However, most previous studies focused on the effects
of high Pand high T on the phase stability of CaCO5 without considering the
influence of oxygen fugacities relevant to subduction zones and the upper
mantle. Reduction of carbonate minerals at convergent plate boundaries
produces graphite and/or hydrocarbons such as methane (CH,), which
modulates the conversion and distribution of subducting carbon.'** Graphite

formation through carbonate reduction in shallow depths could offer a poten-
tial mechanism to retain carbon in subducted slabs, which may facilitate
carbon transport into the deep Earth.”>”" Additionally, the liberation of H, gas
during serpentinization generally causes relatively reducing local environ-
ments in subduction zones.” Therefore, it is crucial to explore the high P-T
stability of CaCO5 under oxygen fugacity-controlled conditions for decoding
the fate of calcium carbonate (CaCO3) in subduction zones and the Earth's
upper mantle.

MATERIALS AND METHODS

In this study, we carried out oxygen fugacity-controlled experiments to
investigate the phase stability of calcium carbonate at 1.0-3.0 GPa and 650-
1,050°C. The experimental oxygen fugacities were primarily regulated by the
use of hexagonal boron nitride (BN) crucibles. As reported in Wendlandt,
et al.”, the use of BN capsule can develop relatively reducing environments,
for instance, reaching approximately IW-0.3 at 950-1,050°C and 2.5-3.0 GPa.
Notably, calcium carbonate remains intact at the relatively low pressure of 1.0
GPa, 800°C and relatively reducing conditions; however, with increasing P to
2.5-3.0 GPa, it partially decomposes to produce graphite and CaO at high T
(hereafter referred to as “saturated decomposition”; Figures 1, 3 & S1-S2).
Further, we performed time-series experiments to study the high-P decom-
position kinetics of CaCOs at 2.5 GPa and 950°C for the first time (Table ST).
This result suggests a novel phenomenon of saturated decomposition of
carbonate under reducing conditions, providing new insights into deep
carbon cycling in shallow subduction zones.

Metallographic microscopy images were collected for the high P-T experi-
mental run products (Figure 1B). It was clearly observed that there were
some dark grains mostly distributed at the boundary between the recovered
sample and the BN capsule, except run#130. These high P-T experimental
run products were further characterized using laser Raman spectroscopy
(Figure 2). At 1.0 GPa and 800°C (run#130), only the Raman peaks of calcite
were observed, indicating that CaCOj in the calcite phase can withstand rela-
tively reducing conditions (approximately IW-0.3). With increasing P to 2.5-
3.0 GPa, on the contrary, CaCO5; was decomposed to form graphite in all high
P-T experimental run products in this study. The experimental T range was
from 650 to 1,050°C at 2.5-3.0 GPa. This result suggests that the phase
stability of CaCO3 under relatively reducing conditions is extremely sensitive
to P, especially at the range of 1.0-3.0 GPa. Notably, CaCO5 undergoes the
calcite-aragonite phase transition at ~1.5 GPa.” Meanwhile, the Raman
signals of graphite are enhanced from 650 to 950°C at a given P of 2.5 GPa
for the same heating duration of 0.5 h, indicating that the degree of carbon-
ate decomposition could increase as T rises. Namely, elevated T promotes
the decarbonization reaction rate of CaCOj; at 2.5 GPa.

RESULTS AND DISCUSSION

The characteristic Raman peaks approximately at 1,350 and 1,580 cm™
correspond to the D and G bands of graphite (Figure 2). Their peak intensity
ratios and positions have been proposed to constrain the concentration of
sp*-hybridized carbon and graphite grain sizes.”*” In Raman spectra of the
recovered samples in this study, the peak positions of G band are at 1,580-
1,600 cm™, indicating that the graphite particles forming from CaCO, decar-
bonization are nearly free of sp*-hybridized carbon. At the same time, the
grain size of the graphite (Lg in the unit of nm) can be derived from the
Raman peak intensity ratio between the G and D bands, /(D)//(G), using Eqgn.
(1) as follows:
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The Raman peak intensity ratios of /D)//(G) are between 0.1 and 1.0 for
graphite in this study. Therefore, the average grain sizes of graphite particles
range approximately from 0.4 to 4.4 nm in our high P-T recovered samples.
This result is in good agreement with the lack of sharp diffraction lines of
graphite particles in XRD patterns, evidencing that the grain sizes of graphite
are a few nm and less (Figure 3).

One comparative experiment (run#261_MgO) was carried out to study the
influence of different oxygen fugacity-controlled conditions on the high P-T
stability of calcium carbonate. All the sample assemblies shared the same
configuration, except for run#261_MgO in which the BN crucible was
replaced by a magnesium oxide (MgO) crucible. Compared to the BN crucible,
the MgO crucible would provide a relatively oxidized environment likely
buffered by C-CO,, considering that the MgO powder separated the CaCOs
sample from graphite heater. For run #261_MgO, the P-T conditions were set
at 2.5 GPa and 950°C with a heating duration of 1.5 h, and the recovered
carbonate sample was in the calcite phase based on its Raman and XRD
characterizations. No detectable graphite was observed even at the bound-
ary between the carbonate sample and the MgO crucible. In other words,
CaCO; at 2.5 GPa and 950°C should not be subject to decomposition under
relatively oxidizing conditions (e.g., the use of MgO crucible). Furthermore, the
recovered CaCO3 sample in run#261_MgO was in the calcite phase because
the amorphous phase could not be preserved upon quenching to room
temperature, consistent with the quenched phase by Hou et al.'” using
graphite heaters. Hence, it can be concluded that the high P-T decarboniza-
tion of amorphous CaCOjs is highly related to the relatively reducing environ-
ment. Compared with the previous study,'” our experimental results suggest
the aragonite-amorphous transition temperatures are slightly greater, given
that a trace amount of aragonite was observed in the recovered samples
from 2.5 GPa and 950°C and that the aragonite has completely entered the
amorphous phase as Tincreases to 1,050°C (run#240422).

Thermogravimetric analysis (TGA) measurements were performed on the
primitive calcium carbonate as well as the samples recovered from 2.5 GPa
and 650-950°C with varying heating durations (Tables S1-S2). As shown in
Figure 4A, the primitive calcium carbonate samples were decomposed
completely to CO, and CaO at 630°C within ~230 min and 650°C within ~120
min. Such a small incremental T of 20°C can significantly influence the
decarbonation reaction rate of CaCO; at 1 bar. The measured weight loss
(Am) values were approximately at 43.9-44.9%. These Am values slightly
deviated from the theoretical Am value of 44.0%, mostly reflecting the uncer-

Figure 1. Representative optical and SEM images
of the samples recovered from high P-T experi-
ments at 2.5 GPa and 950°C (A) Optical image of
the recovered sample placed in the resin epoxy. (B)
Metallurgical image of the boundary between the BN
capsule and the CaCO; sample. A graphite layer was
evidently formed along the boundary. (C) The SEM
image showing the recovered sample with the grain
sizes of ~5-20 pym. (D) The SEM image showing the
graphite layer along the boundary between the BN
capsule and the CaCO3 sample.

tainties of TGA measurements (i.e., ~1.0%). On
the other hand, the Am values generally
decreased with time until all the residual CaCO,
completely decomposed in the TGA measure-
ments on the samples recovered from high P-T
experiments (Figure 4). For instance, the Am
value of the run #205-2 sample was ~8.0%
(~10.0%) after TGA measurements for 0.5 h (1.5
h). The holding time of TGA measurements may
affect the actual Am values; hence, each TGA
measurement was performed for 4-6 h until the
Am plateau was reached at least for 1 h.

The peak T and heating duration have distinct
effects on the decarbonization reaction rate of
CaCO5 at 2.5 GPa as the T rises. As shown in Figure 5, the decomposition
fraction (X) of CaCO; was minimal for 30 min and marginally increased from
2.4 10 2.7% with T increasing from 650 to 750°C under reducing conditions.
With T increasing to 850°C and doubling heating duration (run #201), the X
value of CaC0O5; was comparable to those above. This is dramatically differ-
ent from the trend of the decomposition rate of CaCO, at 630-650°C and 1
bar. We note that the CaCO5 samples were in the aragonite phase at 650-
850°C and 2.5 GPa, consistent with previous studies.'"'” This result suggests
that the peak T and heating duration may have marginal effects on the
decarbonization reaction rate of CaCOj in the aragonite phase. On the other
hand, the decarbonization reaction rate of CaCOj; in the amorphous phase is
significantly greater than that in the aragonite phase. The calcium carbonate
samples underwent the aragonite-amorphous phase transition from 650-850
to 950-1,050°C at 2.5-3.0 GPa, as evidenced by the changes in the recovered
calcium carbonate changing from aragonite to calcite (Table S1). As the
heating duration increased from 15 to 90 min, the X value of CaCO5 changed
from 8.5 to 22.5% at 2.5 GPa and 950°C. In particular, the X value of amor-
phous CaCO; was approximately 12.8% for the heating duration of 30 min,
about 5 times that of aragonite-structured CaCO; within the same heating
duration at 2.5 GPa.

Further, the decomposition kinetics of calcium carbonate was studied
using the classical Avrami equation for crystal nucleation and growth.” The
decomposition fraction X(f) against time tis given as follows:

X(t) = 1 —exp(—kt") 2

InIn[1/(1 = X(t))] = In(k) +nin(t) ©))

where k is the reaction rate and n the time exponent indicating the crystal
growth mechanism. In the plot of In In[1/(1-X(®))] as a function of In(?), the
linear fit gives the slope for n and the intercept for In(k). The Avrami model
takes into account that crystallization occurs by both nucleation and crystal
growth with some assumptions. It is the most commonly used model in the
kinetics study of chemical reactions, though the assumption of linear growth
kinetics may sometimes not be maintained throughout the entire reaction. In
other words, the growth rate and mechanism of the new phase may not only
depend on temperature, but also change with time. As shown in Figure 4 and
Table S2, the X(?) was split into the two sections because the relatively large
deviation was obtained using a single fit to the entire reaction with the X(?) at
0-100%. The single fit resulted in the n value of about 1.1-1.2 for the decom-
position of CaCOjg at 1 bar and 630-650°C. For the two-segmented fits, the n
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Figure 2. Representative Raman spectra of the recovered samples from high P-T experiments The blue curves represent the Raman spectra collected from the calcium
carbonate region in the recovered samples. The black curves represent the Raman spectra collected from the graphite-forming region in the recovered samples.
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Figure 3. Representative x-ray diffraction patterns of the recovered samples from
high P-T experiments Black, red and blue ticks: graphite, aragonite and calcite,
respectively. The Cu Ka radiation with 45.0 kV and a beam current of 200 mA was
used and the x-ray beam was focused to ~300 pm in diameter at the sample position.

value changed approximately from 0.8 to 1.4 at the X(f) of ~30%. This likely
reflect the changes in the nature of crystal growth and nucleation at 1 bar and
630-650°Cwhen the X(f) reaching ~25-30%. Meanwhile, the reaction rate k
changed approximately from 3.01x10 to 1.29x107° s™" at the X(#) of 30% for
the decomposition of CaCO; at 1 bar and 630°C. With T increasing to 860-
870°C at 1 bar, the decarbonation kinetics of calcite was investigated using
synchrotron radiation XRD with the n values approximately at 1.9-2.1.* The k
values are significantly increased by one to three orders of magnitude from
630-650 to 860-870°C at 1 bar (Table S2).

As shown in Figure 4, the n and k values were determined to be ~0.6 and
~1.8x107 57! for the CaCO; decomposition with the X(f) up to 46.9% under
2.5 GPa, 950°C and relatively reducing conditions. This decomposition rate is
comparable to that at 1 bar and 860-870°C, but they featured different nucle-
ation processes. At 2.5 GPa and 950°C, the initial decomposition of calcium
carbonate into graphite may be mainly controlled by instantaneous nucle-
ation with diffusion-controlled growth according to the classical Avrami
model.”® This nucleation and crystal growth mechanism is also consistent
with the observed grain sizes of 0.4 to 4.4 nm for graphite recovered in our
high P-T samples. At 1 bar, the n values were around 1.0 for the decomposi-
tion of calcium carbonate into CO, gas at 630-650°C, which was also
controlled by instantaneous nucleation; with T increasing to 860-870°C,
however, the decarbonation reaction of calcium carbonate was mainly
controlled by episodic nucleation.”” In other words, the reaction mechanisms
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Figure 4. Representative weight loss curves from TGA measurements on (A) primitive CaCO; at 1 bar and 630-650°C and (C) the samples recovered from high P-T large
volume cubic press experiments. (B) and (D): Avrami model for the decomposition of calcium carbonate under reducing conditions. Solid symbols (D): the measured decomposi-
tion fraction values corresponding to the heating durations at 15-90 min, this study. The shaded area represents the 95% confidence interval according to the linear regression

fitting of the experimental data.
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Figure 5. The evolution of decomposition fraction of calcium carbonate with time at
2.5 GPa and reducing conditions Vertical ticks represent the uncertainties of TGA
measurements (£1.5%). The shaded area is used to guide the eye.

of calcium carbonate decarbonation change with increasing T at ambient
pressure.

At 2.5 GPa, 950°C and reducing conditions, the decomposition fraction (X)
of calcium carbonate did not increase further when the heating duration
exceeded 90-120 min (Figure 5). Intriguingly, it decreased approximately from
46.9% at 90 min to 27.9% at 150 min and remained almost constant at
~30+2% within the heating duration of 150-390 min. This phenomenon high-
lights the contradiction between intuitive inferences and experimental find-
ings, especially considering that the amount of reducing crucible materials
(BN) was inexhaustible with respect to the CaCO4 sample. In other words, the
decomposition of CaCO; was first terminated at the X value of ~46.9% and
then the reversal reaction was activated to reform CaCOj at 2.5 GPa, 950°C
and reducing conditions. Such an anomalous change in the decomposition of
amorphous CaCOj3 at high P-T is likely due to the formation of graphite layer
(i.e., dark bands as show in Figure 1) at the boundary between the BN capsule
and the CaCO; sample. The nucleation and crystal growth of graphite parti-
cles may have preferentially occurred at the boundary and to some degree,
the inner surface of the BN capsule could be completely covered by nano-
sized graphite grains. From that point on (e.g., X = ~46.9%), the reducing
function of the BN capsule was disabled to cause further carbonate decom-
position. As a matter of fact, the oxygen fugacity inside the sample capsule
could have been increased enough to activate the reversal reaction of
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reforming carbonate until the run products could thermodynamically coexist
together, such as the aforementioned X = ~30% in this study.

The present study employs time-series analyses to reveal the intriguing
phenomenon of saturated decomposition of calcium carbonate under very
reducing, high P-T conditions. It is thus inferred that CaCO; could not
undergo complete decomposition during the formation of nano-sized
graphite when oxygen fugacities exceeds the IW buffer. More importantly,
subduction-zone processes are complex, resulting in a broad spectrum of
oxygen fugacity from relatively oxidizing to highly reducing environments
within the mantle wedge, subducted slabs, and the deep mantle.”* Notably,
during serpentinization, the production of H, can lead to local oxygen fugac-
ity conditions below the IW buffer.*’ In this study, unexpected observations of
saturated carbonate decomposition are reported under relatively reducing
conditions (with oxygen fugacity slightly higher than the aforementioned
levels), thereby providing valuable insights into carbon cycling processes in
subduction zones.

Saturated decomposition of CaCO5 under relatively reducing conditions
provides a new pathway for carbon sequestration. It can greatly decrease the
amount of surface oxygen sinking further into the deep mantle. Through
graphite formation, subducting carbon can be transported into the mantle
transition zone in the form of elemental carbon (e.g., diamond). Diamond has
been proposed to be lighter than lower-mantle materials, leading to its accu-
mulation in the mantle transition zone.”” Furhter, it may be oxidized by
upwelling mantle materials to form carbonates, potentially triggering partial
melting in the deep mantle.*** Notably, mantle wedge peridotites generally
record high oxygen fugacities, typically from FMQ+0.5 to +3.0; this may be
mostly related to recycled subducting fluids and sediments.”*** The oxygen-
rich materials originated from carbonate decomposition could migrate
upwards to oxidize mantle wedges. Recently, Duncan and Dasgupta™ linked
the immobilization and fixation of organic carbon in the deep mantle with the
Great Oxidation Event."*" Compared to organic carbon, subducted carbonate
is approximately four-fold,”” and calcium carbonate instability may be more
efficient to control the oxygen level in the atmosphere. Therefore, saturated
decomposition of calcium carbonate may be an important process, poten-
tially impacting the global carbon and oxygen cycles.

The high buffering capacity and low solubility of graphite in both agueous
solutions and melts make it an important carrier for deep carbon
transport.”*** The metamorphosed sedimentary rocks from the Italian Alps
demonstrate that greater than 75% of graphite in subduction zones can be
preserved to depths of at least 100 km.” Furthermore, the coexistence of
diamond inclusions with graphite indicates that graphite can be stabilized to
depths in excess of 150 km, after which it is subject to conversion into
diamond.” It is noteworthy that elemental carbon can also be precipitated
from C-O-H fluids.”” Some low-carbon species can be dissolved in C-O-H
fluids at low temperatures and high pressures, which is beneficial for graphite
preservation in subduction zones. High P-T experiments on the solubility of
graphite under controlled oxygen fugacity conditions reported that graphite
solubility reaches a maximum near the fayalite-magnetite-quartz (FMQ)
buffer conditions; on the other hand, graphite solubility reaches a minimum
either under extremely oxidizing (FMQ+4) or reducing (FMQ-7) conditions.*®
Therefore, the fate of graphite is complex due to mantle redox gradients,
revealing the critical role of varying oxygen fugacities environments in
subduction-zone carbon transport.

CONCLUSION

In summary, the phase stability and decomposition kinetics of calcium
carbonate were investigated under oxygen fugacity buffered conditions at 1.0-
3.0 GPa and 650-1,050°C using a large volume cubic press for the first time.
The experimental results show distinct structural stability between calcite,
aragonite, and amorphous CaCOj at high P-T. Namely, calcite-structured
CaCO; is stable at 1.0 GPa, 800°C and relatively reducing conditions, but both
aragonite-structured and amorphous CaCO; decompose to form graphite
with increasing pressure to 2.5-3.0 GPa at high T. Intriguingly, the saturated
decomposition of amorphous CaCO; were observed in our time-series exper-
iments under IW-0.3 reducing conditions at 2.5 GPa and 950°C. It is worth
noting that graphite particles are nano-sized and can encapsulate residual
CaCOy inside the BN capsule, preventing carbonate from further decomposi-

tion. As to the formation of nano-sized graphite through CaCO; decomposi-
tion, it may be initiated by instantaneous nucleation and diffusion-controlled
growth. The saturated decomposition of calcium carbonate provides new
insights into the deep carbon cycling in subduction zones.
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