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Abstract

To investigate the effect of carbon-bearing phases on the release of fluids in subducted serpentinites, we performed high-
pressure multi-anvil experiments on representative ophicarbonate assemblages over a pressure range from 2.5 GPa to 5
GPa and from 450 °C to 900 °C, across the antigorite-out reaction. Parallel experiments were performed on carbonate-free
serpentinites. In all experiments, we monitored and/or controlled the oxygen fugacity. The addition of 20 wt. % CaCO; to
a serpentinite assemblage at 2.5 GPa is found to decrease the onset of the serpentine dehydration by over 100 °C, in com-
parison to carbonate-free assemblages. Similarly, the final disappearance of serpentine is also affected by the presence of
CaCO;. For a bulk CaCOj; content of 20 wt. %, this causes a decrease in maximum stability of antigorite by 50 °C. For a
bulk CaCO;, content exceeding 25 wt. %, this difference can be as high as 100 °C in warm and 150 °C in cold subduction
zones, causing antigorite to be completely dehydrated at 500 °C. This results from the reaction of CaCO; with serpentine
to form clinopyroxene and Mg-rich carbonates. This reaction, however, causes no discernible decrease in the proportion
of carbonate, indicating that the amount of released carbon is insignificant. Whilst CaCOs;, therefore, influences serpentine
stability, there is no significant effect of hydrous phases on the carbonate stability. On the other hand, a MgCOj;-bearing
system shows no significant effects on the serpentinite stability field. Further experiments and oxygen fugacity calculations
indicate that graphite is not stable in typical magnetite-bearing serpentinites. The reduction of carbonates to graphite would
require oxygen fugacities that are 1-2 log units below those of magnetite-bearing serpentinites. This confirms earlier studies
and indicates that reduction of carbonates can only occur through the infiltration of external H,-rich fluids.
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Introduction

The subduction of volatile-bearing slabs into the Earth’s
interior is an important part of the deep volatile cycle.
Whilst significant discrepancies exist on the fraction of
volatiles that are subducted and released through devolatili-
sation (Kerrick and Connolly 1998; van Keken et al. 2011;
Dasgupta 2013; Kelemen and Manning 2015), it is widely

Communicated by Timm John.

< Lisa Eberhard
l.eberhard @uu.nl

Bayerisches Geoinstitut, University of Bayreuth,
Universititsstrasse 30, 95440 Bayreuth, Germany

Department of Earth Sciences, Utrecht University, Vening
Meineszgebouw A, Princetonlaan 8a, 3584 CB Utrecht,
Netherlands

accepted that their release drives numerous processes in
the upper mantle, such as mantle metasomatism and par-
tial melting related to arc volcanism (Guillot et al. 2000;
Pirard and Hermann 2015; Scambelluri et al. 2016). To bet-
ter understand how these volatiles are transported between
different reservoirs, it is crucial to determine the forms in
which they are stable at different conditions and how they
interact with co-existing phases.

Hydrogen is mainly transported in hydrous minerals in
the oceanic lithosphere, which form from fluid—rock inter-
actions at the ocean floor. The serpentinised lithospheric
mantle likely plays a crucial role in the hydrogen cycle and is
estimated to contain up to half of the total subducted hydro-
gen (Riipke et al. 2004; van Keken et al. 2011). Carbon is
mainly subducted as carbonate minerals and organic carbon
residues (Plank and Manning 2019). The ratio between the
oxidised and reduced carbon varies between different litho-
logical layers and between different slabs. In the sediment
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layer, organic and inorganic remains of organisms make a
significant fraction of the bulk carbon. In the serpentinised
lithospheric mantle, carbonates are formed through direct
precipitation from the circulating ocean water and through
a sequence of carbonation reactions, forming ophicarbo-
nates, soapstones and listvenites (Driesner 1993; Kelemen
et al. 2011; Schwarzenbach et al. 2013; Clerc et al. 2014).
However, minor amounts of graphite can also form in this
lithology through the reduction of carbonates if the f{O,)
is sufficiently low (Kelemen et al. 2011; Vitale Brovarone
et al. 2017).

At the elevated pressures and temperatures (P7T) of sub-
duction zones, mineral-bound water is released in a series
of dehydration reactions. Besides the well-documented
brucite-, antigorite- and chlorite-out reactions (Ulmer and
Trommsdorff 1995; Padrén-Navarta et al. 2010; Plimper
et al. 2016; Piccoli et al. 2019; Ferrand 2019), these also
include less well-constrained reactions, such as the phase
transition from lizardite to antigorite (Schwartz et al. 2013)
and prograde decrease in the polysome length of antigo-
rite (Wunder et al. 2001). Most of these reactions are not
univariant and occur over a certain temperature interval.
The onset is typically marked by the first appearance of
anhydrous reaction products, e.g. olivine-in, whereas the
upper temperature boundary is the final disappearance of
the hydrous reactant. Often, several generations of reac-
tion products can be found in a single specimen but can
be distinguished based on their chemical composition and
microstructures, and can be assigned to specific dehydration
reactions (Jabaloy-Sanchez et al. 2022).

The release of hydrous fluids during prograde subduc-
tion has the potential to transport solute species from the
slab into the mantle wedge (Frezzotti et al. 2011; Ague and
Nicolescu 2014; Piccoli et al. 2016; Tian et al. 2019; Kel-
emen et al. 2022), which ultimately links the deep cycle
of both hydrogen and carbon. Disordered organic carbon
is continuously leached by these fluids through oxidative
dissolution at shallow levels in the subduction zone, whilst
highly ordered graphitic material seems to be more stable
but dissolves more readily at subarc depth of > 110 km
(Plank and Manning 2019; Tumiati et al. 2020, 2022). The
release of carbon from subducting slabs also occurs through
dissolution of carbonate minerals in aqueous fluids (Facq
et al. 2014; Farsang et al. 2021). At least in low-pressure
environments (<2 GPa), there is evidence that CO, can be
released through decarbonation reactions, in the presence
of aqueous fluids (Kerrick and Connolly 1998; Eberhard
and Pettke 2021). Other studies suggest that more reduced
carbon can be dissolved in the fluid (Sverjensky et al. 2014;
Vitale Brovarone et al. 2020).

We hypothesise that not only hydrous minerals affect the
stability of carbon-bearing phases but that also the pres-
ence of the latter influences the release of aqueous fluids.
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To examine the mutual influences hydrogen and carbon
may have on volatile-bearing phase stability in subducting
slabs, we performed multi-anvil experiments on carbonated
serpentinites. The mineralogy in the run products was ana-
lysed with respect to pressure, temperature and the oxygen
fugacity f(O,). We, thus, provide the first detailed experi-
mental investigation on ophicarbonates at elevated pressure
and temperature. Our experiments were performed on the
system serpentine + CaCO; and we extend our findings to
serpentine + MgCO; through thermodynamic modelling.
The results constrain the effects of carbonates on the stabil-
ity of serpentine, as well as the amount of fluid produced and
carbon recycled. Additional experiments were performed on
a mixture of serpentine + graphite + CaCO;. These experi-
ments determine the effect of f(O,) and can be used as a
proxy to investigate subducted lithologies containing both
oxidised and reduced carbon.

Methods
Starting material

We performed multi-anvil experiments on synthetic ophi-
carbonate samples using mixtures of natural antigorite
(Zer_1701) and natural lizardite (Lig_1602) powders mixed
with CaCO;. Carbonate-free experiments were also per-
formed at similar conditions on both serpentinite samples.
The antigorite-serpentinite is from a boulder collected in
Zermatt, Switzerland, containing > 95% antigorite, < 5%
magnetite and minor sulphides. The sample is comparable
to the serpentine mylonite described in Li et al. (2004) and
does not contain chlorite, olivine or diopside. The lizard-
ite-serpentinite is a massive serpentinite from Val Graveg-
lia, Italy, consisting of >90% lizardite with <5% opaque
phases (not further distinguished) and minor chlorite. The
two samples were chosen based on their high serpentine
content of >90% and different serpentine polysomes. We
note that they differ in their mineralogy, bulk Al and FeO
content (compare supplementary material), which can have
small effects on the stability of individual serpentine phases.
However, the interaction between the silicate and carbonate
fractions in subducted serpentinites, will not be significantly
affected by these chemical and mineralogical differences.
The serpentine powders were prepared using an agate
pestle mill. The resulting grain size was in the range of
20 pum to 50 um. For most experiments, the serpentine
powder was mixed with 5 wt. % Ir metal powder, serv-
ing as a sliding redox sensor (Stagno and Frost 2010). To
obtain carbonated serpentinite starting materials, the anti-
gorite powder was mixed with 20 wt. % Ca-carbonate and
the lizardite powder with 10 wt. % Ca-carbonate, respec-
tively. Additional antigorite and lizardite starting materials
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were also produced where the f(O,) was buffered by the
presence of both Ca-carbonate (8 wt. %) and graphite (2
wt. %). In one experiment (V1143b), 10 wt. % graphite

Table 1 Summary of experiments conducted in this study

was added to a lizardite sample without carbonate. All
starting materials are summarised in Table 1.

Sample P T Time [h] Starting material Run products

name [GPa] [°C]

Antigorite

V1090 4 570% 62 Swt. % Ir Atg, Mgt, (ps)

V1104 3 580%* 86 Swt. % Ir Atg, Mgt, (ps)

V1105 3 630* 86 Swt. % Ir Atg, Chl, Ol, (Opx)*, Mgt

V1111 3 670 62 Swt. % Ir Atg, Chl, Ol, (Opx)*™*

Carbonated antigorite

V1079 3 450 112 4 wt. % Ir+20 wt. % Cal Atg, Arag, Mgt, (ps)

V1124 3 550 99 4 wt. % Ir+20 wt. % Cal Atg, Arag, Mgt, (ps)

V1234a 3 550 72 4 wt. % Ir+20 wt. % Cal Atg, (Cpx)**, Arag, Mgt

V1082 2.5 560* 87 4 wt. % Ir+20 wt. % Cal Atg, Chl, Ol, (Cpx)*™, Dol, (Spl)

V1076 2.5 650 86 4 wt. % Ir+20 wt. % Cal Chl, Ol, (Cpx)**, Dol, Ca-rich car-
bonate, (Mgt), Spl

V1071 2.5 700 72 4 wt. % Ir+20 wt. % Cal Chl, Ol, (Cpx)**, Dol, Mgs, Mgt

V1060 2.5 750% 65 20 wt. % Cal Chl, Ol, (Cpx)**, Dol, Mgt

V1062 2.5 780* 92 4 wt. % Ir+20 wt. % Cal Ol, Cpx, Dol, Spl

V1064 2.5 800%* 76 4 wt. % Ir+20 wt. % Cal 0], Cpx, Grt, Dol, Spl

V1077 2.5 800* 67 4 wt. % Ir+20 wt. % Cal Ol, Cpx, Grt, Dol

V1103 3 800 91 4 wt. % Ir+20 wt. % Cal 0], Cpx, Grt, Dol, Mgs, Spl

V1065 2.5 820* 73 4 wt. % Ir+20 wt. % Cal Ol, Cpx, Grt, Dol, Spl

V1099 3 880* 68 4 wt. % Ir+20 wt. % Cal 0], Cpx, Grt, Dol, Mgs

V1089 4 900* 86 4 wt. % Ir+20 wt. % Cal Ol, Cpx, (Grt)**, Dol, Mgs

V1050 2.5 900* 46 4 wt. % Ir+20 wt. % Cal Ol, Cpx™, Grt, Cal, Dol

Antigorite buffered

V1148a 500 97 8 wt. % Cal, 2 wt. % Gr Atg, Cpx, Arag, Mgt, Gr

V1153b 500 98 8 wt. % Cal, 2 wt. % Gr Atg, Cpx, (O, Mgs, Mgt, Gr

Lizardite

V1125 500 80 Swt. % Ir Liz, (ps), Mgt

V1114 550 98 Swt. % Ir Liz, Chl, Ol, (Opx)**, (Mgt)

V1116 600 192 Swt. % Ir Liz, Chl, Ol, (Opx)**, Mgt

Carbonated lizardite

V1234b 550 72 4 wt. % Ir+20 wt. % Cal Liz, Cpx, (OD)**, Mgs, (Mgt)

V1233a 600* 72 4 wt. % Ir+20 wt. % Cal Chl, Ol, Cpx, Mgs, (Mgt)

V1232a 800* 73 4 wt. % Ir+20 wt. % Cal Ol, Cpx, Grt, Dol, Spl

Lizardite buffered

V1143b 500 90 10 wt. % Gr Liz, Ol, (Mgt),Gr

V1148b 500 97 8 wt. % Cal+2 wt. % Gr Liz, (Cpx)**, (O)**, Mgs, Mgt, Gr

V1153a 500 98 8 wt. % Cal+2 wt. % Gr Liz, (Cpx)*™*, (OD)**, Mgs, (Mgt), Gr

Starting material indicates the mass fraction of Ir metal, carbonate and/or graphite added to the serpentine powder. Abbreviations are as fol-
lows: Ir iridium metal, ps secondary phases (not further distinguished), Atg antigorite, Liz lizardite, Mgt magnetite, OI olivine, Chl chlorite,
Opx orthopyroxene, Cpx clinopyroxene, Cal calcite, Arag aragonite, Dol dolomite, Mgs magnesite, Gr graphite, Sp/ spinel, Grt garnet. Minerals
in brackets were identified with EDX but were too fine grained for quantitative chemical analyses. Minerals marked with * were extrapolated
from analysis trends. The composition of minerals marked with ** was estimated from other experiments (see supplementary material for more
details). In experiments marked with *, the temperature was estimated based on temperature—power relations due to thermocouple failure
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High-pressure experiments

We run the experiments in 18 mm edge length octahedra,
with tungsten carbide cubes that have 11 mm edge length
truncated corners (Keppler and Frost 2005). The capsules
were prepared from gold tubes and welded at both ends to
prevent fluid loss during the experiment. High temperatures
were generated using a stepped graphite heater and con-
trolled with a type-D thermocouple. In case of thermocouple
failure, the temperature was estimated from power—tempera-
ture relations and run product mineral assemblages. We used
a 500 tonne multi-anvil press at the Bayerisches Geoinstitut
(BGI) equipped with a Walker module. PT conditions were
chosen across the antigorite and chlorite dehydration reac-
tion (450 °C to 900 °C) for a range of typical subduction
pressures of 2.5 to 5 GPa (Syracuse et al. 2010). Conditions
of all experiments are provided in Table 1.

Analytical methods

The run products were first examined with a GEMINI
LEO 1530 electron microscope run at 20 kV acceleration
voltage. Minerals were identified using energy-dispersive
X-ray (EDX) analysis. Detailed compositions of the identi-
fied mineral phases were measured with a JEOL 8200 elec-
tron microprobe (EMP) operating at an acceleration voltage
of 15 kV. The beam current and diameter were optimised
for each phase: 20 nA with a focussed beam was used for
garnet, olivine, pyroxene, oxides and alloys; and 10-15 nA
and a 2-5 pm beam spot was used for serpentine, chlorite
and carbonates. Calibration was performed in each session
on silicates, oxides and metals. A San Carlos olivine was
measured as a secondary standard to check consistency
between the sessions. The composition of mineral phases
and standard deviations in each run product are given in the
supplementary material. If only one grain of a phase could
be measured, we report a 2% error.

Ca-carbonate polymorphs and serpentine polysomes in
the experimental products were identified by Raman spec-
troscopy, using a WiTec ALPHA300 R confocal microscope,
equipped with a 532 nm laser, 50 X objective lens and a spec-
tral grating of 1800 grooves/cm. Data acquisition and pro-
cessing was performed with WiTec ProjectFive software.

Mass balance calculations were performed using the
major element compositions of each phase in the run prod-
uct and the starting material. The fluid in the run products
was assumed to be pure H,O and estimated from oxide
differences. This assumption is justified by the generally
low solubility of carbonate minerals in aqueous fluids at
the experimental PT conditions (Facq et al. 2014; Menzel
et al. 2020; Farsang et al. 2021). In some experiments,
pyroxenes and olivines were too fine grained to be accu-
rately measured with EMP (compare Fig. 2b, c, e, ). In
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this case, the composition of the phases was either esti-
mated from analyses trends or estimated from other experi-
ments performed at similar conditions. We used a Monte
Carlo approach to account for uncertainties from the anal-
yses of the product minerals and the starting compositions.
One thousand individual minimisations were performed
for each experiment. The starting material and run product
composition were randomly sampled around their normal
distribution for each minimisation. Reported in the supple-
mentary material are mean values and standard deviations.

The experimental f(O,) was determined using various
equilibria involving oxides, silicates and the Ir sliding redox
sensor:

3Fel" + 20, = Fe;0)® (1)
0, + 2Fe" + SiO, = Fe,Si0Y )
0, + 2Fe" + Fe,Si,0* = 2 Fe,SiOY" 3)
2Fe" + 0, + 2Si0, = Fe,Si,0* @)
2 Fe;0)® + 3 8i0, = 3 Fe,Si0% + 0, 6)
2 Fe;0) + 6 Si0, = 3 Fe,Si,00* + 0, (6)

As there is no pure SiO, phase stable in our experiments,
the chemical potential of the SiO, component is calculated
from olivine and pyroxene through the equilibrium

Mg,SiO' + SiO, = Mg,Si,0F". 7

Oxygen fugacities were calculated using thermodynamic
data from Holland and Powell (2011). The activity-compo-
sition relation of the Ir redox sensor was taken from Stagno
and Frost (2010). For olivine, orthopyroxene and clinopy-
roxene, a symmetrical mixing model was used with macro-
scopic interaction parameters of 9 kJ/mol, 5.2 kJ/mol and
20 kJ/mol, respectively (Evans and Powell 2015; Jennings
and Holland 2015). Where possible, we used several equi-
libria to test for internal consistency with the mean values
reported in the supplementary material. For experiments
buffered with carbonate + graphite, the {O,) was determined
using equilibria (9) and (10), discussed latter.

Phase diagrams were calculated with Perple_X version
6.9.0 (Connolly 1995). We used the HP11 database together
with the fluid equation of state of Pitzer and Sterner (1995).
We calculated PT pseudosections for pure and carbonated
serpentinites. The bulk composition used was derived from
the antigorite-serpentinite used in this study (97 wt. % antig-
orite+3 wt. % magnetite) as: SiO,=39.5 wt. %, MgO=36.5
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wt. %, Al,O;=2.4 wt. %, FeO=6.9 wt. %, H,0=13.75 wt.
%. Either 20 wt. % CaCO; or MgCO; were used to calculate
carbonated systems. To derive the dehydration surface in
the 3D space, an additional 41 isobaric 7-X pseudosections
were calculated in the range from 1 to 5 GPa for X rang-
ing from pure antigorite-serpentinite to antigorite-serpent-
inite + 50 wt. % CaCO;. All calculations were buffered at the
fayalite—magnetite—quartz equilibrium (FMQ), based on our
results that show the experimental f{(O,) to be close to the
FMQ buffer (compare Fig. 4). The Al content in pyroxene
in our experiments is below 3 wt. % (except for 4.4 wt. %
in experiment V1050 conducted at lower pressure). Based
on this observation, we excluded Tschermak-pyroxene end-
members. For simplicity amphibole Al endmembers were
also excluded as Eberhard and Pettke (2021) measured
low-Al contents in tremolite within dehydrated ophicarbo-
nates. Included solid solution models were O(JH), Grt(JH),
Opx(JH), Cpx(JH), Sp(JH), Chl(HP), Atg(PN), oCcM(EF),
GITrTsPg, o-Amph, B, T and A phase (here the terms in
brackets refer to models from JH: Jennings and Holland
(2015); HP: Holland et al. (1998); PN: Padrén-Navarta et al.
(2013), EF: Franzolin et al. (2011). GITrTsPg is a non-ideal
model with interaction parameters from Wei and Powell
(2003) and White et al. (2003). All other solid solution

1153b

models assume ideal mixing). The choice of Chl(HP) over
Chl(W) was made as initial tests led to unrealistically high
chlorite contents at low temperatures. Also note that in the
current set of solution models, Fe3* content in antigorite is
not computed. The fluid was modelled as a H,O—CO, binary
(Connolly and Trommsdorff 1991).

Results

Table 1 gives an overview of the phases found in each
experiment. Mineral compositions of each phase, as well
as the mass balance-determined phase modes can be found
in the supplementary material. Below, experimental results
are presented followed by thermodynamic calculations.
Unbuffered and buffered oxygen fugacity experiments on
antigorite-bearing and lizardite-bearing experiments are
presented in turn.

The serpentine polysomes in the experimental prod-
ucts were analysed by Raman spectroscopy. Antigorite
remained stable in pure and carbonated experiments up
to a temperature of 570 °C (Table 1; Fig. 1a). Similarly,
also lizardite-bearing experiments do show serpentine
at temperature <600 °C (Fig. 1b). We also analysed the
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Fig.1 Raman spectra of serpentine and carbon-bearing phases. a
antigorite starting material (coloured) and experimental products
(black) do show similar major peaks highlighted in brown. b Lizard-
ite starting material (coloured) and experimental products (black) do
show similar major peaks, which are slightly shifted with respect to
antigorite. Note the slightly higher wavenumber for the major peaks

wavenumber [cm]

and an additional minor peak at 355 cm™'. ¢ Ca-carbonates in the
run products are mainly aragonite. Calcite is only observed at high
temperature and low pressure, e.g. in experiment V1050 (900 °C, 2.5
GPa). d Graphite in experimental products indicating an intermediate
state of ordering
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Fig.2 Mineral assemblages in run products: a V1079 run at 450 °C
and 3 GPa. The sample contains angular carbonate grains embedded
in an antigorite matrix. Disseminated Ir alloys can also be observed.
Submicrometric secondary phases (ps) along antigorite grain bounda-
ries formed from dehydration reaction. b V1234a run at 550 °C and
3 GPa. Very early Fe-rich silicates can be found around the carbon-
ate grains. ¢ V1076 run at 650 °C and 2.5 GPa. With increasing tem-
perature, magnetite disappears leaving only its outline marked by

different Ca-rich carbonates (Fig. 1c¢). Experiments at pres-
sures > 3 GPa contain aragonite. Only, at 2.5 GPa (V1050),
was calcite observed. Unfortunately, it was not possible to
analyse the Ca-rich carbonate in V1076 as this sample was
lost during preparation for additional analyses. Raman spec-
tra of graphite in experimental products are shown in Fig. 1d
and indicate a high degree of ordering based on the high
intensity of the band at 1570 cm™".

@ Springer
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fine-grained Cr-rich spinel. d V1065 run at 900 °C and 2.5 GPa. At
temperatures exceeding the final dehydration reaction, garnets can be
observed. Garnets usually form roundish grains with abundant inclu-
sions. € V1125 run at 500 °C and 3 GPa. Submicrometric secondary
phases (ps) form along lizardite grain boundaries. f V1116 run at
600 °C and 3 GPa. Olivine and orthopyroxene from a dense network
between lizardite and chlorite grains

The carbonate-free antigorite-bearing experiments con-
tain a minor amount of secondary phases along antigorite
grain boundaries at temperatures <580 °C. These phase
dehydration reaction products, however, were too small
to be identified by EDX and/or Raman spectroscopy. With
increasing temperature from 580 °C to 670 °C, chlorite starts
to coexist with antigorite, and olivine and orthopyroxene
could be identified, although the grain size and needle-like
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Fig.3 Composition of carbonates in unbuffered experiments as
a function of temperature. The Ca number, being molar CaO/
(CaO+FeO+MgO), decreases stepwise to dolomite and magnesite
in antigorite-bearing experiments with increasing temperature. The
grey lines mark results from thermodynamic calculation, i.e. carbon-
ate composition along isobaric path indicated in Fig. Se (white line).
The solid line indicates major carbonate phase (> 15 wt. %) and the
dashed the minor carbonate phase (<2 wt. %). The buffered antigo-
rite-bearing experiments do show magnesite already at low tempera-
tures. Some experiments show magnesite or dolomite with elevated
Ca content. The inset shows experiment V1148b, having such arago-
nite intergrowth with magnesite. Dashed and solid white lines indi-
cate the outline of magnesite and aragonite, respectively
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Fig.4 Calculated f(O,) of run products. All experiments have an
f(O,) close to the FMQ buffer. Lines show various f(O,) buffers at
3 GPa (solid) and 5 GPa (dotted). Buffers are calculated with HP11
database (Holland and Powell 2011) and Pitzer and Sterner fluid
EoS (Pitzer and Sterner 1995), assuming composition of all phases.
Abbreviations are as follows: HM hematite-magnetite buffer, FMQ
fayalite—magnetite—quartz buffer, WM wustite—magnetite buffer. Sili-
cate—carbonate—graphite buffer refers to reaction (8), (9) and (10)

texture of the later did not allow for EPM measurements.
Antigorite disappears from the assemblage above 670 °C
in agreement with previous studies (Bromiley and Pawley
2003; Padron-Navarta et al. 2010). Also observed is the dis-
appearance of the magnetite with increasing temperature.
Similarly, also the carbonated antigorite-bearing experi-
ments contain submicrometric grains along serpentine grain
boundaries (Fig. 2a) at low temperatures (V1079 and V1124,
run at 3 GPa and 450 °C and 550 °C, respectively). The
carbonate content, obtained from mass balance calcula-
tions, is 19.8(5) wt. % and is equal to the starting material
carbonate content. Experiment V1234a, run also at 3 GPa
and 550 °C indicates the formation of submicrometric nee-
dle-like secondary phases (Fig. 2b), growing preferentially
along the carbonate—silicate interface and along antigorite
grain boundaries. Based on EDX analyses, these phases
were identified as clinopyroxene, although their small grain
size did not allow for quantitative EMP analyses. Increasing
temperature results in an increase in the abundance of clino-
pyroxene and the formation of 6(2) wt. % chlorite at 560 °C
(V1082), with the mode of antigorite decreasing to 21(7)
wt. %. At these conditions, the stable carbonate is dolomite,
although the total carbonate fraction remains at 19.4(8) wt.
%. At temperatures between 650 °C and 750 °C (V1076,
V1071, V1060), antigorite has fully broken down and chlo-
rite becomes the only water-bearing phase (7(2)-9(2) wt.
%), with dolomite remaining as the major carbonate phase.
The total carbonate fraction makes up 17(1)-20(3) wt. %,
representing only a minor decrease in the carbonate content
with increasing temperature. In experiment V1071 (2.5 GPa,
700 °C), a small amount (approx. 3 wt. %) of magnesite
is observed, in addition to dolomite. With increasing tem-
perature, magnetite is gradually replaced by Cr-rich spinel,
which outlines the relicts of former magnetite grains in some
samples (Fig. 2c). The last dehydration reaction, i.e. chlo-
rite-out, occurs between 750 °C and 780 °C. Experiments
performed at temperatures above this reaction contain oli-
vine, clinopyroxene and garnet + Cr-rich spinel (Fig. 2d). At
these temperatures, dolomite is the only stable carbonate at
2.5 GPa. At higher pressures (3—4 GPa), dolomite is joined
by minor magnesite. The total carbonate fraction is~ 18 wt.
%. Minor calcite persisted in experiment V1050 (2.5 GPa,
900 °C) potentially due to the relatively short run duration,
as a longer experiment at the same conditions (V1065) pro-
duced only dolomite.

The carbonate compositions are close to end-member arag-
onite, dolomite and magnesite. Only a few experiments, all
performed at 2.5 GPa, have a higher Mg content in the Ca-rich
carbonate (V1076, V1062, V1050). In V1050, the presence
of calcite was confirmed (Fig. 1c). It s, thus, possible that the
deviation from pure Ca-endmember is due to a higher solubil-
ity of Mg in Ca-carbonate with respect to aragonite, which
is stable in experiments performed >3 GPa (Hermann et al.
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2016). Another possibility would be that fine-grained inter-
growth of calcite and dolomite caused an intermediate com-
position. Such intergrowth is observed in experiment V1148b,
causing a higher Ca content in magnesite with respect to the
thermodynamic calculations (Fig. 3).

Two antigorite-bearing experiments were performed at
500 °C, with the f{(O,) buffered by the presence of graphite
and carbonate in the assemblage. In both experiments, the for-
mation of clinopyroxene can be observed. At 3 GPa (V1148a),
aragonite is stable together with minor clinopyroxene (<1 wt.
%). At 5 GPa (V1153b), however, 17(1) wt. % clinopyroxene
formed and the co-existing carbonate is magnesite, with mass
balance indicating that the carbonate fraction increased from
7 wt. % to 11 wt. %. The proportion of antigorite decreased
from approximately 88 wt. % to 51 wt. %.

Similar phase relations were observed in the lizardite-bear-
ing experiments, though at slightly lower temperatures. The
carbonate-free lizardite-bearing experiments likewise show
the formation of submicrometric secondary phases at 500 °C
(Fig. 2e). The formation of chlorite is observed at temperatures
as low as 550 °C. This first dehydration reaction goes along
with the formation of olivine and orthopyroxene (Fig. 2f).
Whilst 18 wt. % lizardite persisted in the carbonate-free
experiment at 600 °C (V1116), lizardite is fully dehydrated
at the same conditions in the carbonated system (V1233a),
along with the formation of 20 wt. % clinopyroxene. The stable
carbonate in the lizardite-bearing experiments is magnesite at
low temperature and dolomite in the fully dehydrated sample
(V1232a).

The lizardite-bearing experiment V1153a, with an f{O,)
buffered by carbonate and graphite, reveals the same phase
relations as the respective antigorite-bearing experiment
(V1153b). At lower pressures, i.e. 3 GPa, experiment V1148b
shows the presence of magnesite and significantly more clino-
pyroxene with respect to V1148a. In experiment V1143b,
only graphite was added to the lizardite starting material. No
carbonate was formed but lizardite broke down to form an
assemblage containing a significant proportion of olivine (32
wt. %) with a relatively low Mg#, i.e. Mg/(Mg + Fe), of 0.83.
Magnetite is still observed in this experiment but reveals an
extremely porous texture.

The calculated f{O,) of all experiments is shown in Fig. 4
and is very close to the FMQ oxygen buffer (supplementary
material). Three curves are shown for equilibria within slightly
different assemblages containing both carbonate and graphite:

CaMgSi,Oq + 4 MgCO, = CaMg(CO;), + 2 Mg,SiO,
+2C+20,
®)
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3Mg,4Si34045(OH),, + 20CaCO,
=20C + 200, + 20CaMgSi, Oy ©)
+ 93H,0 + 62Mg,Si0,

Mg,5Si34,045(OH)g, + 20MgCO;

=20C +200, + 31H,0 + 34Mg,SiO,. (10)

These equilibrium curves are all within approximately 1
log unit of each other at conditions where antigorite is stable
except at temperatures <500 °C. The f(O,) in experiments
where carbonate coexists with graphite is calculated using the
equilibrium applicable to the particular assemblage.

Figure 5a—c shows calculated pseudosections for a pure
antigorite-serpentinite and the same serpentinite with an addi-
tional 20 wt. % CaCO; and 20 wt. % MgCO;, respectively.
The general topology is similar in all pseudosections to the
extent that antigorite dehydrates to chlorite, which further
dehydrates to spinel/garnet. However, the dehydration starts at
significantly lower temperature in the CaCO5-bearing system.
Figure 5d—f shows the fraction of released H,O. In the pure
antigorite-serpentinite, Fig. 5d, the fluid is stepwise released
through dehydration reactions, which are mainly temperature
dependent at the pressure range of interest. At 2.5 GPa (white
line in Fig. 5d), these are the antigorite-out at 600 °C-650 °C
and the chlorite-out at 800 °C. In the system with CaCOj;,
the antigorite-out reaction occurs over the temperature range
430 °C to 580 °C at 2.5 GPa. Moreover, the antigorite-out
reaction is also strongly pressure dependent: At pressures
exceeding 4 GPa, a significant amount of fluid is released at
temperatures < 550 °C. The MgCO;-bearing system, how-
ever, shows a similar dehydration temperature for antigorite
and chlorite at low to intermediate pressures (<3 GPa) with
respect to the pure antigorite system. The dehydration tem-
perature of antigorite in this system then remains pressure
independent in the computed range of 3—5 GPa.

The composition of the released fluid in the carbonate-bear-
ing systems is a function of both, pressure and temperature. At
low pressure and high temperature, significant decarbonation
gives rise to an X(CO,) of 0.15 in the CaCO;-bearing system
and as high as 0.35 in the MgCO;-bearing system (Fig. 5b, c).
At the experimental pressure range (>2.5 GPa), however, the
fluid is essentially pure H,O and the carbonates remain stable
over the whole temperature range.

Figure 6 compares the calculated mineral modes at 2.5
GPa (white line in Fig. 5d—f) of the pure serpentinite and
the carbonated serpentinites with the experimental results.
As shown by the calculation as well as our experiments,
the dehydration of antigorite in the presence of CaCO,



Contributions to Mineralogy and Petrology (2023) 178:17

Page9of16 17

Fig.5 Perple_X pseudosection
calculations. a Pure antigorite-
serpentinite. The colour of

each stability field reflects

the degree of freedom, with
brighter colours corresponding
to higher degrees of freedom. b
Antigorite-serpentinite with 20
wt. % of CaCOj;. Colour code
shows the X(CO,) of the fluid.
Numbered fields contain phase
assemblages 1: Atg Chl phA
Cpx Mgs Mgt F; 2: Chl Ol phA
Cpx Mgs Mgt F; 3: Ol Grt phA
Cpx Mgs Mgt F; 4: Ol Grt Cpx
Mgs Arag Mgt F; 5: Chl Ol Cpx
Mgs Arag F; 6: Atg Chl Br Mgt
Cpx Mgs F; 7: Atg Chl Ol Cpx
Dol F; 8: Chl Amph Ol Cpx Dol
F; 9: Chl Ol Cpx Dol F; 10: Atg
Chl Cpx Arag Mgs Hem F; 11:
Atg Chl Br Cpx Mgs Hem F;
12: Atg Chl Mgt Mgs Arag F;
13: Cpx Ol Spl Grt Dol F; 14:
Cpx Ol Grt Cal Dol F; 15: Cpx
Ol Spl Cal Dol F; 16: Cpx Ol
Spl Grt Cal F. ¢ Antigorite-ser-
pentinite with 20 wt. % MgCO;,
colour coded for fluid X(CO,).
d—f The same pseudosection
colour coded for the mass frac-
tion of released H,O. Shown are
only fields in which dehydration
of antigorite occurs. Dashed
line corresponds to the isobaric
profiles shown in Fig. 6a—c.

The coloured arrows mark a
warm (orange) and a cold (blue)
subduction zone path, taken
from Syracuse et al. (2010). The
final disappearance of antigorite
is highlighted in red.

finishes at approximately 580 °C, just over 50 °C lower
compared to the carbonate-free system. Over the entire
temperature range, however, the experimental total car-
bonate content remains close to the initial value of 20 wt.
%, in agreement with the predicted low CO, content in
the released fluid (compare Fig. 5b) and low solubility of
carbonates in aqueous fluids at these conditions (Menzel
et al. 2020; Farsang et al. 2021). The experimental results
are in very good agreement with the calculations. Major
discrepancies are only observed in the relative amount of
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olivine and clinopyroxene at elevated temperatures. The
system with MgCO; shows a slightly larger decrease in the
total carbonate mode at high temperatures. At the same
time, the mode of olivine increases rapidly.

In Fig. 7, we explore the effect of the Ca-carbonate frac-
tion on the antigorite-out reaction in a 3D space. It can be
seen that the final dehydration temperature of a pure antigo-
rite, i.e. CaCO; weight fraction=0, decreases only slightly
with increasing pressure (compare also Fig. 5a). By increas-
ing the CaCOj; content to 20 wt. %, which is similar to our
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Fig.6 Mineral modes along the outlined isobaric paths at 2.5 GPa »

of Fig. 5a—c: a Antigorite-serpentinite with 20 wt. % CaCO;. b
Pure antigorite-serpentinite. ¢ Antigorite-serpentinite with 20 wt. %
MgCO;. Lines are calculated with Perple_X. Points are mass balance
results of experiments from this study. Cb refers to total carbonate,
i.e. aragonite/calcite + dolomite + magnesite

experiments, a decrease of approximately 50 °C in the anti-
gorite stability is observed in the pressure range 2 GPa—4
GPa, in broad agreement with our experiments. The dehy-
dration temperature at this bulk composition is calculated to
decrease further with increasing pressure to about 550 °C at
5 GPa, which is in good agreement with experiment V1153b
that contains only 51 wt. % antigorite at 5 GPa and 500 °C.
An even more extreme pressure dependence is predicted at
a bulk carbonate content of >25 wt. %. At these composi-
tions, the dehydration takes place at around 580 °C in the
range 1 GPa to 3 GPa, but at higher pressures is predicted to
decrease drastically to about 300 °C at 5 GPa.

Discussion

In the following section, we discuss the phase relations in
carbonate-bearing serpentinites based on our experiments
and thermodynamic calculation. We then use these findings
to discuss the release of hydrogen and carbon from sub-
ducted carbonated serpentinites. For this discussion, we
define the onset of serpentine dehydration, i.e. the onset of
fluid release, as the first appearance of secondary phases.
The final serpentine disappearance, i.e. antigorite- and
lizardite-out reactions, is regarded as the high-temperature
boundary of the serpentine dehydration reaction.

Attainment of equilibrium

The general phase relations and mineral modes observed
in our experiments are in good agreement with the ther-
modynamic calculations (Fig. 6a and b). It is nonetheless
important to discuss the state of equilibrium in the experi-
mental products. First, it is important to note that lizardite
did not transform to antigorite (Fig. 1b), even at condi-
tions above the expected phase transition (Schwartz et al.
2013), so the lizardite-bearing experiments depict a meta-
stable state. However, since the composition of lizardite
and the co-existing phases changes as a function of experi-
mental PT-f(O,) conditions (supplementary material), it
can be assumed that the phases are in equilibrium with
each other. This is not the case for antigorite, whose Al,O4
content is 2.5(1) wt. % and does not change as a func-
tion of temperature as would be expected from observa-
tions in natural serpentinites (Padrén-Navarta et al. 2013;
Schwartz et al. 2013). At low temperatures, antigorite
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Fig. 7 The maximum stability of antigorite as a function of P, T and
CaCO; fraction. a The antigorite-out surface in the 3D space, colour
coded for the maximum temperature at which antigorite is still sta-
ble. The three planes show the position of the T-X pseudosections in

is the sole host of Al and a change in its composition is
disabled due to the lack of elemental exchange. However,
since even experiments with pronounced dehydration
(V1105, V1111, V1234a, V1082) do not show a change
in antigorite composition, we assume that this is caused by
overall sluggish diffusion kinetics of Al in antigorite. We
nonetheless assume that the co-existing phases are in equi-
librium with this particular antigorite. The second issue
is the formation of diopside in antigorite-bearing experi-
ments at temperature above the expected first appearance
of clinopyroxene. Indeed, experiments performed at tem-
peratures <550 °C do show submicrometric grains along
serpentine grain boundaries. Due to this very small grain
size, however, we could not unequivocally identify them as
reaction products and it might be possible that dehydration

(b—d). b—c T-X pseudosections calculated for the pressures 2 GPa, 3
GPa and 4 GPa. The red line represents the maximum temperature at
which antigorite is stable

takes place at even lower temperatures than can be deter-
mined from experiments.

Phase relations in a Ca-bearing ophicarbonate
system

The onset of dehydration is marked by the appearance of
dehydration reaction products. In the antigorite-bearing
experiments, clinopyroxene starts to appear at 550 °C
(V1234a). From thermodynamic calculations, it might
be expected that clinopyroxene is stable already at lower
temperatures of 450 °C (Fig. 6a, b). Although lizardite is
metastable with respect to antigorite at our experimental
conditions (Schwartz et al. 2013), it appears to be much
less sluggish when it reacts compared to antigorite. It may,
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therefore, be a good proxy for antigorite behaviour under
equilibrium conditions. In the presence of Ca-carbonate,
antigorite starts to breakdown at a temperature at least
100 °C lower compared to the carbonate-free system. This
is due to the reaction,

Mg 4Si;,Ogs(OH)g, + 20 CaCO,
= 14 Mg,SiO, + 10 CaMgSi,04 (11)
+ 10 CaMg(CO;), + 31 H,0,

which forms dolomite as the main carbonate mineral.
Reaction (11) indicates an exchange of Ca and Mg between
the carbonate and silicate fractions. The reaction, thus, ena-
bles the release of fluids at temperatures < 500 °C due to
the formation of clinopyroxene. Since carbonate is not con-
sumed in this reaction, this is a simple dehydration reaction
in which the CO, content of the solid fraction is preserved.

Similarly, the maximum temperature to which antigor-
ite is stable is also affected by the presence of CaCO; and
strongly depends on the relative amount of antigorite and
CaCOs in the bulk system (Fig. 7). In the carbonate-free
system, antigorite fully dehydrated at 650 °C to olivine,
orthopyroxene, chlorite and fluid, with one experiment
showing antigorite at temperatures as high as 670 °C. In the
presence of CaCOj;, only approximately 20 wt. % antigorite
remains in the carbonated assemblage by 560 °C implying a
reduction in the final antigorite-out temperature of approxi-
mately 50 °C compared to the carbonate-free assemblage.
Lizardite behaves very similarly to antigorite in the absence
of carbonate and completely dehydrates by 650 °C and 3
GPa. However, in the carbonate-bearing experiments, liz-
ardite is almost completely dehydrated at 550 °C and not
observed at temperatures > 600 °C.

The formation of magnesite at higher temperatures and
pressures results also from Ca—Mg exchange between the
silicate and carbonate fraction. The breakdown of chlorite,
for example, favours magnesite formation, which can be
described by the reaction,

Mg;sAl,Si;0,4(OH); + MgCaSi,O5 + MgCa(CO;),
= MgCa,Al,Si;0,, + 2 Mg,Si0,
+ 2 MgCO; + 4 H,0.
(12)

The grossular component of garnet is pressure depend-
ent, which favours the formation of magnesite at higher
pressures, whereas dolomite forms at pressures <2.5 GPa.
At even lower pressure conditions (<2 GPa), CO, is also
released to form a COH fluid (Fig. 5b and c). At these con-
ditions, the stable carbonate after chlorite dehydration is
calcite and the reaction (12) can be rewritten as
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Mg;sAl,Si;0,4(OH)g + 2 MgCa(CO;),
= MgAl,0, + 3 Mg,SiO, (13)
+ 2 CaCO; + COH-fluid

This low-pressure reaction causes X(CO,) values that can
exceed 10%, but preserves the Ca-rich nature of carbonates
as observed in contact metamorphic environments (Eberhard
and Pettke 2021). Such high CO, contents in combination
with an open system fluid flow can cause large-scale carbon
release but are only relevant at lower pressures and higher
temperatures than experienced in subduction zones (com-
pare Fig. 5).

Breakdown of serpentine through reaction
with graphite

Experiment V1143b where 10 wt. % graphite was added
to lizardite at 500 °C and 3 GPa produced an interesting
result because lizardite partially broke down to form oli-
vine. In the absence of graphite, lizardite does not start to
break down until 550 °C at the same pressure. Magnetite
was partially reduced in the experiment causing it to have a
porous appearance and resulting in olivine becoming Fe-rich
(Mg#=0.83). It is likely that graphite reduced magnetite. It
might be expected that this redox reaction produces carbon-
ates, but they were not found in this experiment. Instead, it
would appear that a CO, gas was produced, which possibly
explains the breakdown of lizardite as a result of lowering
the H,O activity through the creation of a COH fluid. This
experiment contained Fe—Ir alloy from which the f{O,) can
be calculated from reaction 1 as —18.5 log units, i.e. 1.6 log
units above FMQ. This value is within the range of the other
experiments and certainly at conditions where carbonates
should be stable. Importantly, this f{O,) is above that where
carbonates would be in equilibrium with graphite (Fig. 4).
As the experiment is graphite saturated, it is possible to esti-
mate the composition of a co-existing COH fluid at these
conditions using the method of Holloway (1987) and the
equations of state of Belonoshko and Saxena(1991). The
result indicates that the fluid would contain 31 mol% CO,
and 69 mol% H,O with no significant amount of CO, H,
or CH,. This calculation does not consider carbon-bearing
complexes, additional solute species as well as the crystal-
linity of graphite, which are all shown to possibly increase
the carbon content of the fluid (Tumiati et al. 2017, 2020;
Tiraboschi et al. 2022). The result nonetheless indicates the
composition of the fluid, which might explain the partial
decomposition of lizardite, which would not start to break-
down until 600 °C in the absence of graphite. It is not clear
why a carbonate phase did not form, as previous studies
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have shown magnesite to form through the reaction of dilute
CO,-bearing aqueous fluids with antigorite at similar condi-
tions (Sieber et al. 2018). Further work would be required to
clarify this. Nonetheless, this breakdown reaction at graph-
ite-saturated conditions might be relevant to magnetite-bear-
ing serpentinised rocks that also contain reduced carbon.

Effect of carbonates on subduction zone phase
relations

Ophicarbonates form through hydration and carbonation,
of peridotites and comprise essentially serpentinite rocks
co-existing with carbonate (Driesner 1993; Kelemen et al.
2011; Schwarzenbach et al. 2013; Clerc et al. 2014; Cannao
et al. 2020). The experiments reported here were designed to
examine how such assemblages may respond during subduc-
tion, to examine if there are mutual influences on the stabil-
ity fields of carbon- and hydrogen-bearing phases.

As outlined above, in a Ca-free, MgCO;-bearing system,
the dehydration reactions do not change with respect to the
pure serpentine along typical subduction zone PT gradients
(Fig. 5a and c). In a CaCOj;-bearing system, on the other
hand, the carbonates strongly influence the mineral phase
relationships in serpentinites through Ca—Mg exchange
between the carbonate and silicate fraction. The dehydration
reaction in this system forms the CaMg-silicates clinopy-
roxene and grossular, whereas the carbonate becomes more
Mg-rich as shown in reactions (11) and (12). The calcu-
lations indicate that clinopyroxene should start to form at
temperature as low as 450 °C at 2.5 GPa. This results in a
decrease in the temperature where antigorite starts to dehy-
drate by approximately 100 °C, compared to the carbonate-
free system (Fig. 6a and b). The final dehydration, i.e. the
maximum temperature at which antigorite is still observed,
additionally depends on the relative amount of Ca-carbonate
and antigorite. A system with a bulk Ca-carbonate content of
20 wt. % antigorite fully dehydrated around 50 °C lower in
temperature, compared to the carbonate-free system (Fig. 6a
and b), which corresponds to about 10 km in depth. In cold
subduction zones, where dehydration starts at higher pres-
sures, the decrease in temperature is predicted to reach up to
100 °C. In a system with a higher bulk Ca-carbonate content
of > 25 wt. %, the final dehydration temperature is calculated
to become strongly pressure dependent (Fig. 7) and in cold
subduction zones, antigorite would be fully dehydrated at
temperatures of <500 °C, corresponding to a decrease in
temperature of almost 150 °C compared to the carbonate-
free system.

Ophicarbonates often form distinct zones within hydrated
peridotites (Miintener and Hermann 1996; Pelletier and
Miintener 2006). The carbonate content typically varies and
can locally reach up to 80 wt. %. Consequently, it can be
expected that dehydration takes place in carbonated zones at

conditions where the surrounding hydrated peridotite did not
yet undergo dehydration. Whilst the hydrogen is lost through
dehydration at lower temperatures, carbonates within ophi-
carbonate assembles remain stable and are able to transport
carbon into deeper levels within subduction zones, in agree-
ment with earlier calculations from Kerrick and Connolly
(1998).

In our model, we did not consider carbonate solubilities
and dissolved carbon-bearing species other than CO,. The
consumption of carbonates in natural samples could, there-
fore, be higher than our calculation predicts. However, typi-
cal PT paths of subducted carbonated serpentinites are such,
that dissolved CO, is the main carbon species in the fluid,
whereas the overall solubility is expected to be low (Tira-
boschi et al. 2022). Carbonated serpentinites can contain
high carbonate fractions of > 50% (Driesner 1993; Pozzorini
and Friih-green 1996; Eberhard and Pettke 2021) and it is,
thus, unlikely that significant carbonate is removed through
carbonate dissolution. Furthermore, the change in carbon-
ate composition towards more Mg-rich endmembers with
increasing temperature decreases the carbonate solubility by
about two orders of magnitude (Farsang et al. 2021), which
helps to preserve carbonates to deeper levels in the subduc-
tion zone. The extent to which carbonates can be released in
subduction zones through dissolution in aqueous fluids will,
therefore, strongly depend on the fluid—rock ratio (Menzel
et al. 2020). To achieve a significant discharge of dissolved
carbonate from the slab towards the mantle wedge requires
long-term pulsed or continuous fluid flow (John et al. 2012;
Tian et al. 2019).

A subducted slab can also contain reduced carbon (Frez-
zotti et al. 2011; Galvez et al. 2013; Ague and Nicolescu
2014; Vitale Brovarone et al. 2017; Boutier et al. 2021) and
redox reactions with different carbon-bearing phases are
plausible. There are a number of equilibria that can be writ-
ten to describe the f(O,) at which graphite and carbonates
would coexist in the different assemblages encountered in
these experiments (reaction (8)—(10)). As shown in Fig. 4,
these three equilibria predict f{O,) values that are within
1 log unit of each other except at the lowest temperature.
In comparison to the carbonate-bearing experiments, which
did not contain graphite and of which the f(O,) is mainly
dominated by the presence of magnetite, the graphite stabil-
ity field is at a log f(O,) approximately 1-2 log units below
between 550 °C and 600 °C and approximately 5 log units
below by 450 °C. Thus, only quite reduced serpentinites
that do not contain magnetite can reach the graphite stability
field. Since serpentinisation occurs concurrently with oxi-
dation (Evans 2008), partially to completely serpentinised
peridotites are quite oxidised (Debret et al. 2014, 2015;
Klein et al. 2014; Iacovino et al. 2020; Mayhew and Ellison
2020) and we expect such extremely reduced serpentinites
to be quite rare. Several studies, however, have reported the
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formation of graphite through the reduction of carbonates
(Galvez et al. 2013; Vitale Brovarone et al. 2017). Vitale
Brovarone et al. (2017), for example, found instances of
carbonate reduction in ophicarbonates. This is not likely
to result from pressure- or temperature-dependent shifts in
redox potentials, however, and probably requires infiltration
of an external H,-bearing fluid as stated by the authors. A
potential H, source might be the continued hydroxylation
of a fresh peridotite reservoir, releasing dry H,, and thereby
creating the reducing environment needed for graphite for-
mation (Vitale Brovarone et al. 2020; Boutier et al. 2021).
Other studies, however, indicate that serpentinization at high
pressure does not cause the release of H, (Evans 2010).

Conclusion

In this study, we show that the presence of CaCO; within
serpentinites has a significant effect on the release of water
from subduction zones at pressures between 2 and 5 GPa.
Serpentine breaks down through a reaction with CaCOj; to
form clinopyroxene. This Ca—Mg exchange with the silicate
fraction results in a shift of the carbonate towards Mg-rich
endmembers. This process causes an early release of an
aqueous fluid with a very low X(CO,), such that the car-
bonate fraction is preserved. For ophicarbonates contain-
ing 20 wt. % CaCO;, the experiments show that serpentine
will disappear from the assemblage at a temperature that
is approximately 50 °C lower compared to the carbonate-
free assemblage at 2.5 GPa. Calculations indicate that the
onset of serpentine dehydration may be reduced by up to
100 °C. Further thermodynamic calculations show that the
maximum temperature at which antigorite is still stable
strongly depends on the relative proportions of CaCO; and
antigorite. For an initial carbonate content of >25 wt. %,
the antigorite is predicted to be fully dehydrated at tempera-
tures <500 °C in cold subduction zones. Whilst hydrogen is
released early through these dehydration reactions, carbon
will remain in the rock and can be subducted to great depths
unless external fluids cause extensive dissolution of the
carbonate minerals. Pseudosection calculations for Ca-free
systems containing MgCO; reveal dehydration temperature
ranges similar to the carbonate-free serpentinites.

Graphite-bearing experiments show that graphite is oxi-
dised in the presence of magnetite-bearing serpentinite. The
formation of through the reduction of carbonates would
require reducing conditions that are not likely to be reached
by typical magnetite-bearing serpentinites. In natural exam-
ples where the reduction of carbonates has been found to
occur, this most likely required an open system infiltration
of H,-rich fluids.

Although the presence of carbonates affects the release of
H,O from serpentinised peridotites in the slab, the X(CO,)

@ Springer

of the fluid remains low, and the extent of aqueous carbon-
ate dissolution is imperceptible in the closed system experi-
ments. Dissolution of carbonates at conditions of serpentine
dehydration is likely to be only achieved as a result of a
significant external fluid flux.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00410-023-01997-y.
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