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Reactive Preservation of Carbonate in Earth’s
Mantle Transition Zone

Jie Li', Feng Zhu?, Jiachao Liu?, and Junjie Dong*

ABSTRACT

Calcium-rich carbonate may be preserved in fast-descending slabs to reach the mantle transition zone (MTZ),
which is known to be at least locally hydrous. At MTZ pressures, the melting curve of CaCO, crosses the geo-
therm and is further depressed by water; hence, Ca-rich carbonate may be mobilized by hydrous melting and
escape the MTZ. Here we show that aragonite reacts with wadsleyite to produce magnesite under the pressure
and temperature conditions of cold slabs in the MTZ. Water considerably enhances conversion of Ca-rich car-
bonate into more refractory magnesite, helping to retain carbonate in the deep mantle.

15.1. INTRODUCTION

Carbonates are common rock-forming minerals in
the Earth’s crust and act as sinks of atmospheric
carbon dioxide (CO,) released from the mantle through
volcanism. Subduction of hydrothermally altered
oceanic lithosphere returns carbonates and organic
matter from near-surface reservoirs to the interior,
where more than three quarters of Earth’s carbon is
stored (e.g. Chen et al., 2014; Dasgupta & Hirschmann,
2010). A significant fraction of the subducted carbon-
ates will join shallow cycles within the top 200 km of
the solid Earth, whereas the rest reaches greater depths
to participate in deep cycles, possibly extending to the
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core (Dasgupta & Hirschmann, 2010; Kelemen &
Manning, 2015). The long-term evolution of CO, in
the atmosphere is influenced by the residence time of
carbonates in solid Earth, which, in turn, depends on
their melting behavior and chemical stability under
relevant conditions.

Calcium carbonate (CaCO,), dolomite (CaMg[CO,],),
and magnesium carbonate (MgCO,) are dominant ingre-
dients in subducted slabs (e.g. Alt & Teagle, 1999).
Although magnesite is expected to be the ultimately
stable carbonate in the deep mantle (Biellmann et al.,
1993; Keshav et al., 2011; Kushiro et al., 1975; Yaxley &
Brey, 2004), Ca-carbonate in fast-descending slabs may
be preserved to reach the mantle transition zone (MTZ)
or lower mantle, as indicated by calcite and nyerereite
(Na-K-Ca bicarbonate) inclusions in superdeep dia-
monds from Juina, Brazil (Brenker et al., 2007; Kaminsky
et al., 2009). The MTZ is widely considered a potential
water reservoir and known to be at least locally wet, as
indicated by hydrous ringwoodite and ice VII inclusions
in superdeep diamonds (Pearson et al., 2014; Tschauner
et al., 2018) and seismic and electrical conductivity obser-
vations (Kelbert et al., 2009; Schmandt et al., 2014). The
melting point of CaCO, is comparable to the mantle

Carbon in Earth’s Interior, Geophysical Monograph 249, First Edition. Edited by Craig E. Manning, Jung-Fu Lin, and Wendy L. Mao.
© 2020 American Geophysical Union. Published 2020 by John Wiley & Sons, Inc.

167



168 CARBON IN EARTH'S INTERIOR

temperature beneath ocean islands (Z. Li et al., 2017),
and it is further reduced by the presence of water (Wyllie
& Tuttle, 1960). In contrast, magnesite remains refractory
at the MTZ conditions (Katsura & Ito, 1990); thus,
converting CaCO, to magnesite would help preserve car-
bonate in the MTZ. Previous work examined phase rela-
tions of complex carbonated silicates at the MTZ
pressure, mainly under nominally anhydrous conditions
(e.g. Grassi & Schmidt, 2011; Keshav & Gudfinnsson
2010; Keshav et al., 2011; Kiseeva et al., 2013; Thomson
et al., 2016). It is unknown if hydrous melting can lead to
loss of Ca-carbonate before it reacts with silicates to form
magnesite.

In this exploratory study, we investigate the effect of
water on the reaction between aragonite and wadsleyite
at the conditions of cold slabs in the MTZ through high-
pressure experiments under nominally anhydrous condi-
tions and with free or structural water. The results are
applied to assess the stability of carbonates in the MTZ
and explore the implications for Earth’s deep carbon
cycle.

15.2. MATERIALS AND METHODS

15.2.1. High-Pressure Experiments

Synthesis and reaction experiments were conducted
using the multianvil apparatus at the University of
Michigan. All experiments used Toshiba F-grade tung-
sten-carbide anvils with 3 mm truncation edge length
and standard COMPRES cell assemblies (Leinenweber
et al., 2012). Sample pressure was calibrated using
fixed-point phase transitions in SiO,, MgSiO,, and
Mg, SiO, and bears a precision of 5% and an estimated
uncertainty of less than *1 GPa at 10-20 GPa and
1000 °C-1500 °C (Z. Li & Li, 2015). Temperature-
power relation was established by using a type C ther-
mocouple placed along the cylindrical axis of the
heater. The effect of pressure on the emf is unknown
and therefore ignored (J. Li et al., 2003). The power
curve is reproducible within £100 °C, according to
multiple calibration experiments.

The starting material for the nominally anhydrous
and free water reaction experiments consists of one
layer of CaCO, powder (Alfa Aesar 43073, 99.997%)
and one layer of synthetic forsterite (Fol00) powder
packed inside a gold capsule. In the free water experi-
ments, ~0.6 microliter deionized water was added,
corresponding to ~10 wt% water in the starting compo-
sition, which is well above the estimated range of water
in the MTZ (e.g. Pearson et al., 2014). In the experi-
ments with structurally bound water, an aggregate piece
of hydrous wadsleyite, synthesized at 20 GPa and
1400 °C for 4 hrs in experiment M011217, was embedded

in CaCO, powder and packed into a gold capsule. The
water content of the synthetic wadsleyite is estimated at
0.8-1.2 wt% according to its b/a ratio of 2.018+0.001
(Chang et al., 2015). The starting material contains
roughly equal volumes of carbonate and silicate in the
nominally anhydrous and free water experiments, and
more carbonate in the structurally bounded water
experiment. The grain sizes of the starting CaCO, and
forsterite are the same in all experiments, and that of
wadsleyite in the structurally bound water experiment
is larger and estimated at 5-10 microns. Sample was
compressed at room temperature to target pressure, and
then heated at the rate of 1 °C per second to target
power. It was equilibrated at constant power for 120
min and then quenched by shutting off the power and
decompressed overnight to ambient pressure.

15.2.2. Raman Spectroscopy Analysis

Experimental product was mounted in epoxy inside an
acrylic disc. The sample was exposed using diamond or
silicon carbide grinding discs and then polished with alu-
mina powder on lapping discs. It was then cleaned ultra-
sonically with alcohol.

Raman analysis was performed using a Renishaw inVia
confocal Raman microscope with a 532 nm continuous
wave laser. The input laser power varied between 4 and 40
mW and the laser beam was focused through a 50x
Mitutoyo objective lens to a diameter of 3—5 microns or
through a 20x Olympus objective lens to a beam diameter
of 7-12 microns. Raman signal was dispersed with an
1800 grooves/cm grating to achieve spectral resolution of
1-2 wave number (wn). The spectral window was cen-
tered at 520 or 3500 wn. The signal was recorded with a
Peltier cooled CCD. Acquisition time ranged from 1 to
120 seconds per CCD window depending on the signal
intensity of the sample. Replicate measurements were
conducted to evaluate heterogeneity.

15.2.3. Electron Microprobe Analyses

For textural and chemical analysis, recovered sample
was coated with a thin conductive film of carbon or
aluminum. Back-scattered electron (BSE) and energy dis-
persive spectroscopy point analyses and maps were col-
lected using the JOEL 7700 JOEL-7800FLYV field-emission
scanning electron microscope (FE-SEM) at the University
of Michigan. Quantitative chemical analyses were con-
ducted using the Electron Probe Micro-Analyzer (EPMA)
on the CAMECA SX-100 at University of Michigan.
Forsterite Mg,SiO, and wollastonite CaSiO, were used as
standards for Mg, Si, O, and Ca. The accelerating voltage
and beam current were set to 15 kV and 10 nA, respec-
tively, and the electron beam was focused to 1 pm.
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15.3. RESULTS

In all experiments, CaCO, reacted with Mg SiO, at 15
GPa and 1200 °C to form MgCO,, MgO, and CaSiO,.
The reaction can be described as

CaCOs (aragonite) + Mg,SiO, (wadsleyite) = MgCO;
(magnesite ) + CaSiO; (perovskite ) + MgO ( periclase).
(15.1)

Reaction products were identified on the basis of anti-
correlation between the Mg and Si and positive correla-
tion between Ca and Si in the energy dispersive
spectroscopy maps (Figures 15.1, 15.2, 15.3). MgCO, and
MgO grains appear bright in the Mg map (MgO is
brighter than MgCO,) and dark in the Si map, whereas
CaSiO, grains appeared bright in the Ca and Si maps and
dark in the Mg map. The mean atomic numbers of
CaSiO,, MgO, and MgCO,, calculated as the sum of
weight percentage and atomic number of each element
are 13.6, 10.4, and 8.9, respectively, and they appear as
the bright, gray, and dark regions in the BSE image.

In the nominally anhydrous experiment M040316, a
50-micron-thick reaction zone formed between CaCO,
and Mg,SiO, layers in 120 min (Figure 15.1a). The grain
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size is typically 1-2 microns. With free water added to
the starting material in experiment M031416, the reac-
tion proceeded to consume all the CaCO, and formed a
~500 micron thick reaction zone in 120 min (Figure 15.3a).
The reaction products may contain some hydroxide
Mg(OH), in addition to oxide MgO, as the experimental
temperature of 1200 °C overlaps with the dehydration
temperature of Mg(OH), near 1250 °C at 15 GPa within
uncertainties (Johnson & Walker 1993). With a weight
mean atomic number of 9.1, Mg(OH), would appear
darker than MgO and similar to MgCO, in the BSE
image. We did not find sufficiently large grains with the
expected Raman signal and chemical composition of
Mg(OH),. The grain sizes of the reaction products are
10-20 micron in some areas and 5-10 micron in others
(Figure 15.2). These are larger than the nominally anhy-
drous reaction products. In experiment MO011517, the
hydrous wadsleyite grain in the starting material was
fully consumed (Figure 15.3). The identification of reac-
tion products was confirmed by additional O and C
maps (Figure 15.3c). The grain size is up to 5 microns
along the rim of the hydrous wadsleyite pseudomorph
and finer inside.

Quantitative measurements showed limited solid-
solution in the reaction products. In both the nominally

MgCO3+MgO CaSiOg

Mg

CaCO,

Reaction zone

Mg,SiO,

Figure 15.1 Product of reaction between nominally anhydrous CaCO, and Mg,SiO, at 15 GPa and 1200 °C for
2 hrs. (a) Back-scattered electron (BSE) image of M040316 showing a ~50 micron reaction zone between a
CaCO, layer and Mg SiO, layer. (b) Energy-dispersive spectroscopy (EDS) maps and BSE image of region marked
by the yellow box in (a). The area consists of reaction products CaSiO,, MgCO,, and MgO, corresponding to the
bright, dark, and gray regions in the BSE image in (b), respectively. The CaSiO, phases appear as the bright regions
in the Ca and Si maps, and as the dark regions in the Mg map. The MgCO, and MgO phases appear as the bright
regions in the Mg map (MgO is brighter than MgCO,) and as the dark regions in the Ca and Si maps.
See electronic version for color representation of the figures in this book.



170 CARBON IN EARTH'S INTERIOR

Reaction zone

()
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Figure 15.2 Product of reaction between CaCO, and Mg,SiO, in the presence of H,O at 15 GPa and 1200 °C for
2 hrs. (a) BSE image of M031416 showing a ~400 micron thick reaction zone above excess Mg,SiO,. (b) BSE
image of the area marked by the white box on the upper left in (a). (c) EDS maps and BSE image of the region
marked by the solid yellow boxes on the upper right in (a). (d) EDS maps and BSE image of the region marked by
the dotted yellow boxes in (a). In (c) and (d), reaction products CaSiO,, MgCO,, and MgO appear as the bright,
dark, and gray regions in the BSE image, respectively. CaSiO, appear as the bright regions in the Ca and Si maps,
and as the dark regions in the Mg map. MgCO, and MgO appear as the bright regions in the Mg map (MgO is
brighter than MgCO,) and as dark regions in the Ca and Si maps. See electronic version for color representation

of the figures in this book.

anhydrous and free water experiments, the MgCO,
contained 4-5 at% Ca, and CaSiO, contained less than 1
at% Mg. In the hydrous wadsleyite experiment, the
MgCO;, contained 5-7 at% Ca, and CaSiO, contained
1-4 at% Mg. The extents of solid-solution are comparable
in all experiments within analytical uncertainties.
Raman analyses allowed us to identify different poly-
morphs of phases in the recovered products (Figure 15.4).
The remaining CaCO, in both the nominally anhydrous

and structurally bound water experiments is aragonite,
and the remaining Mg,SiO, in both the anhydrous and
free water experiments is wadsleyite. These are consistent
with the known phase diagrams of CaCO, (Litasov et al.,
2017) and Mg,SiO, (Fei & Bertka 1999). The reaction
product MgCO, is magnesite in all experiments and
agrees with the known phase diagram (Litasov et al.,
2008). The reaction product CaSiO, appears amorphous,
consistent with the previous findings that CaSiO, adopts
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Figure 15.3 Product of reaction between CaCO, and hydrous wadsleyite (Mg,SiO,) at 15 GPa and 1200 °C for 2
hrs. (a) BSE image of MO11517 showing hydrous wadsleyite in the starting material replaced by reaction products.
(b) BSE image of the area marked by the white box in (a). (c) EDS maps and BSE image of the region marked by the
yellow box in (b). Reaction products CaSiO,, MgCO,, and MgO appear as the bright, dark, and gray regions in
the BSE image in (b), respectively. CaSiO, appears as the bright regions in the Ca and Si maps and as the dark regions
in the Mg map. MgCO, and MgO appear as the bright regions in the Mg map (MgO is brighter than MgCO,) and
as dark regions in the Ca and Si maps. See electronic version for color representation of the figures in this book.

the perovskite structure at 15 GPa (Gasparik et al., 1994)
and becomes amorphous in just a few hours upon
pressure release to ambient condition (Mao et al., 1989).

The presence of structural water was inferred from the
Raman data in the 3000-4000 cm™! range (Figure 15.4). In
the nominally anhydrous experiment, none of the remain-
ing reactants or products shows detectable OH peak in
this range, as expected. In the free water experiment, the
remaining Mg ,SiO, is hydrous wadsleyite with an OH
peak at 3410 cm’, near the broad OH peak of the
synthetic hydrous wadsleyite at 3320 cm™!, and the OH
peak of a hydrous wadsleyite with 1.6 wt% structural
water at 3380 cm™! (Kleppe et al., 2001).

15.4. DISCUSSION

15.4.1. Chemical Stability of Carbonates in MTZ

This study shows that at 15 GPa and 1200 °C, aragonite
is unstable and reacts with wadsleyite to form magnesite
under both anhydrous and hydrous conditions. The exper-
imental pressure corresponds to ~440 km depth, in the
upper part of the MTZ. Similar reactions occur between
carbonate, including calcite, aragonite, or dolomite, and
enstatite in the upper mantle pressure range at 4-7 GPa
(Kushiro et al., 1975). They have also been observed at the
MTZ and lower mantle pressures, between dolomite and
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Figure 15.4 Raman spectra of samples recovered from the CaCO, and Mg,SiO, reaction experiments. (a) Raman
spectra of carbonates in the experimental products match the reference spectra of magnesite (RRUFF 040114 and
aragonite (RRUFF 060195). (b) Raman spectra of silicates in the experimental products and the synthesized
hydrous wadsleyite from experiment M062716 match the reference spectra of wadsleyite (RRUFF 090004) and
hydrous wadsleyite (Kleppe et al., 2001). The spectrum of CaSiO, is mostly featureless and does not show diag-
nostic peaks of wollastonite (RRUFF 040131) or diopside (RRUFF 040009), walstromite (Anzolini et al., 2016),
majorite (Hofmeister et al., 2004), or perovskite (Nestola et al., 2018). See electronic version for color represen-

tation of the figures in this book.

enstatite at 20-50 GPa, and between dolomite and olivine
at 50 GPa (Biellmann et al., 1993). Stabilization of mag-
nesite at high pressures in natural compositions such as
carbonated eclogite has also been reported (e.g., Keshav &
Gudfinnsson, 2010; Seto et al., 2008). Here, magnesite
was found stable in the presence of hydrous wadsleyite,
confirming its stability in the MTZ.

The strong affinity of Mg for carbonate and Ca for sili-
cate at high pressures may be explained by volume
reduction. At ambient conditions, the volume change of
the cation exchange reaction from calcite and Mg-bridg-
manite to magnesite and Ca-perovskite is —5.95 cc/mol

(Biellmann et al., 1993), and that of reaction (1) is —2.54
cc/mol. The bulk moduli of aragonite, magnesite, wad-
sleyite, CaSi-perovskite, and periclase at 1 bar and 300
K are 66, 108, 173, and 232, and 160 GPa, respectively
(Fiquet et al., 2002; Katsura et al., 2009; Litasov et al.,
2017; Shim et al., 2000). Because the products CaSiO,
perovskite and magnesite are less compressible than the
reactants wadsleyite and aragonite, respectively, the
reaction volume becomes less negative at higher pres-
sures. At 20 GPa and 1600 K, the volume change of
reaction (1) is estimated at —1.11 cc/mol, still favoring
magnesite.
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Temperature affects reaction kinetics and may influence
the direction of the cation exchange. At 8 GPa and
800 °C, aragonite and forsterite did not react, possibly
because the temperature was too low (Kushiro et al.,
1975). At upper mantle pressures, the boundaries of rele-
vant reactions have only a slightly positive d7/d P slope
(Figure 15.5), suggesting relatively small effect of temper-
ature on the Gibbs energy of the reaction.

15.4.2. Water Enhances Carbonate-Silicate Reaction

In this study we observed a strong effect of water on the
extent of reaction between carbonate and silicate. The
reaction zone in the free water experiment is nearly one
order of magnitude broader than in the nominally anhy-
drous experiment. We speculate that an aqueous fluid
formed at relatively low temperature and facilitated the
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Figure 15.5 Melting curves of carbonates at the pressures of the
upper mantle and transition zone. The melting curves of CaCO,
and MgCO, diverge with increasing pressure and differ by by
more than 400 °C at the pressures of the mantle transition zone.
The melting curves of Na,CO, and CaCO, converge with
increasing pressure and become comparable near 14 GPa, both
crossing the mantle geotherms beneath ridges (Katsura et al.,
2010) in the vicinity of the mantle transition zone. Adding 1-2
wt% water further depresses the melting temperature of CaCO,
(Wyllie & Tuttle, 1960). At 4-7 GPa, temperature has little
influence on the boundaries of reactions from Ca-carbonate
and Mg-silicate to Ca-silicate and Mg-carbonate (dotted lines;
Kushiro et al., 1975). The melting curves of CaCO, and Na,CO,
are from Z. Li et al. (2017). That of MgCO, is a Simon’s law
fitting to the data from Irving and Wyllie, 1975 (open squares),
Miiller et al., 2017 (open triangle), Shatskiy et al., 2018 (cross),
and Katsura and Ito, 1990 (open circles with error bars). The
pressures in Irving and Wyllie 1975 are corrected by -10%
(Byrnes & Wyllie 1981). See electronic version for color repre-
sentation of the figures in this book.
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cation exchange reaction. Such a fluid is expected to be
stable at temperatures well below the eutectic melting
point of the CaCO,-H,O binary system, and its stability
field expands with increasing temperature (Wyllie &
Tuttle, 1960). The fluid may circulate inside the sealed Au
capsule and carry CaCO, to react with the silicate. Similar
fluxing effect of a fluid with ppm level of dissolved silica
is known to enhance the growth of quartz crystal in
water. The presence of a fluid phase in the hydrous exper-
iments is supported by the grain size of the reaction prod-
ucts. The smaller grain size in the anhydrous experiment
is consistent with solid-state reaction, whereas the coarser
grains in the hydrous experiments indicate fluid-mediated
crystal growth.

A hydrous carbonate melt could play a similar role, but
the experimental temperature is likely too low to generate
such a melt. At 15 GPa, the melting temperature of CaCO,
is more than 1600 °C. At 1 kbar, as much as 20 wt% water
is needed to reduce the melting point of CaCO, by 300 °C
(Wyllie & Tuttle, 1960). The presence of a hydrous car-
bonate melt cannot be excluded, however, considering
that laboratory experiments at ~4 GPa showing formation
of Ca-rich hydrous carbonatitic liquid at temperatures as
low as ~900 °C, nearly 700 °C below the melting point of
CaCO, at this pressure (Poli, 2015), and that a small
amount of water was found to depress the melting point
of CaCO, by 200 °C-300 °C at 8 GPa (Z. Liet al., 2017).
In any case, neither an aqueous fluid nor carbonate melt
was directly detected in the experimental products.

15.4.3. Reactive Preservation of Carbonate

Conversion of CaCO, into magnesite effectively raises
the melting point of carbonate at pressures above ~5
GPa, where magnesite is more refractory than CaCO,
(Figure 15.5). The melting slope of CaCO, becomes flat
and possibly turns negative between 5 and 14 GPa (Z. Li
et al., 2017), whereas that of magnesite continues to rise
with increasing pressure (Katsura & Ito, 1990). At ~14
GPa, the melting point of magnesite is ~400 °C higher
than that of aragonite. By taking the more refractory
form, solid carbonate can remain frozen to higher tem-
peratures, and Ca-rich carbonate melt may react with
Mg-silicate and freeze up.

Redox freezing is a well-known example of reactive
preservation, where carbonatitic melt is reduced by
metallic iron to form immobile diamond or iron carbide
(Palyanov et al., 2013; Rorhbach & Schmidt, 2011).
Decomposition of siderite FeCO, melt at high tempera-
ture can also change carbon into the native element state
(Kanget al., 2015). At the lower mantle pressures, carbon
can also be transferred into more refractory host phases
through various types of reactions. Dolomite or magnesite
may turn into diamonds by reacting with iron (Dorfman
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etal., 2018) or SiO, (Maeda et al., 2017; Seto et al., 2008).
A recent study showed that FeCO, transformed into
Fe,C,0,, and Fe,C,O,, with tetrahedral-coordinated
carbon, which remain solid well above the extrapolated
melting curve of FeCO, (Cerantola et al., 2017). These
reactions not only keep carbon in solid forms to higher
temperatures and may also freeze carbon-bearing melt.
Cation exchange may also cause melting and loss of
carbonate. For example, the steep depression in the sol-
idus of carbonated eclogite at 13-21 GPa is attributed to
cation exchange between carbonate and silicate (Thomson
et al., 2016). In the experiments, the clinopyroxene
became increasingly enriched in sodium (Na) at high
pressures as the Na-poor clinopyroxene component dis-
solved into coexisting garnet. Eventually, the clinopyrox-
ene became so Na-rich that a coexisting Na,Ca-rich
carbonate phase stabilized in the subsolidus assemblage,
causing the solidus depression. Earlier studies of carbon-
ated eclogite, peridotite, and pelite found a wide range of
melting behavior with the solidus temperature spanning
500 °C at 15 GPa (Grassi & Schmidt, 2011; Keshav &
Gudfinnsson, 2010; Keshav et al., 2011; Kiseeva et al.,
2013). The low solidus ledge exists for a composition
containing less and perhaps more relevant CO, at ~2.5

wt.% (Thomson et al., 2016) but was not observed in all
studies, suggesting strong dependence on the bulk
composition.

15.4.4. Implications for Deep Carbon Cycle

As carbonates are subducted into the deep Earth,
they may be mobilized at various depths through
hydrous melting below the arcs (Kelemen & Manning,
2015), incipient melting at up to 330 km depths
(Dasgupta & Hirschmann, 2006), and reactive melting
in the MTZ (Grassi & Schmidt, 2011; Thomson et al.,
2016). On the other hand, carbonate melt may freeze
through reactions with magnesian silicates or metallic
iron (e.g Rohrbach & Schmidt, 2011). While sub-arc
melting releases carbon from the solid Earth, reactive
preservation of solid carbonates and freezing of car-
bonate melt at higher pressures help retain carbon in
the deep mantle (Figure 15.6).

Water has competing effects on the stability of Ca-rich
carbonate in the MTZ. The presence of water reduces the
melting point of CaCO, and may induce hydrous melting
at the MTZ pressures (Z. Li et al.,, 2017). On the
other hand, water enhances the conversion of Ca-rich

reactive preservation i hydrous : ...
CaCO0; +Mg,SiO,  melting |
=MgCO;z + CaSiOz + MgO |-
: 250 km
redox freezing
FetMgCOs ! incipient ..
=(Fey3lVIg1/3 melting |
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. transition
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<

Figure 15.6 Cartoon illustration of carbonate reactions along subducted slab. Black squares mark the locations
of reactive preservation through cation exchange between carbonates and silicates at pressures above 5 GPa.
Blue open diamonds mark the locations of redox freezing at depth greater than 250 km. Red droplets denote
hydrous melting at the mantle wedge (Kelemen & Manning, 2015), incipient melting at up to 330 km depths
(Dasgupta & Hirschmann, 2006), and reactive melting at 13-17 GPa (Thomson et al., 2016). The extent of redox
freezing and reactive preservation depends on kinetics and local redox state. They are likely incomplete and
occur simultaneously at a given depth. See electronic version for color representation of the figures in this book.
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carbonate into more refractory magnesite, thus helping
to preserve carbonate. High temperature also increases
reaction rates. The efficiency of carbonate retention in
the MTZ thus depends on how rapidly Ca-carbonate
converts to the more refractory magnesite before slabs
warm up sufficiently to induce melting. The extent of car-
bonate retention is further complicated by other processes
such as reverse conversion of magnesite to Ca-Na-rich
carbonate (Grassi & Schmidt 2011; Thomson et al., 2016)
and reduction of magnesite into elemental carbon or iron
carbides (Palyanov et al., 2013). A reliable assessment of
carbonate stability in the MTZ thus requires quantifying
the effects of water and temperature on the rates of these
reactions.

Preservation of carbonates in the MTZ would facilitate
their subduction into the lower mantle where convection is
considerably more sluggish, thus prolonging the residence
time in the deep cycles. After crossing the MTZ, residual
CaCO, may continue to react with Mg-bridgmanite to
form magnesite (Biellmann et al., 1993), which, in turn,
may be reduced by iron metal into elemental carbon or
iron carbides (Dorfman et al., 2018) or may react with SiO,
to form diamond (Maeda et al., 2017). Magnesite, carbon,
or iron carbide remain solid in most of the lower mantle
and may carry carbon all the way to the base of the mantle
and even into the core (Liu et al., 2016).

15.5. CONCLUSIONS

This experimental study shows that aragonite is
unstable in cold slabs at MTZ conditions and reacts with
wadsleyite to form magnesite. The conversion of arago-
nite to magnesite effectively raises the melting point of
carbonate at MTZ pressures and helps its retention in the
deep mantle. Free or structural water enhances the reac-
tion to preserve carbonate against hydrous melting. By
inference, Ca-rich carbonate melt may freeze through
cation exchange with magnesian silicate. In order to
estimate the residence time of carbonates in solid Earth,
further studies are needed to quantity the effects of water
and temperature on the rates of relevant reactions.
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