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Carbon Recycling Efficiency in Subduction Zones Constrained by the Effects of HO-CO:>
Fluids on Partial Melt Compositions in the Mantle Wedge
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Abstract

The extent of COz transfer from subducting lithologies to the overlying mantle wedge in general
and to the arc magma source regions in particular remains debated. The limit of COz transfer to
the sub-arc mantle could be estimated if the effects of CO2 on the primary hydrous melt
compositions of mantle wedge can be assessed in relation to the observed compositions of
primitive arc magmas. Here we present new piston cylinder and multi-anvil experiments using
Au7sPd2s and Au capsules on four depleted peridotite + H2O + COz starting compositions with
3.5 wt.% H20 and XCO: [= molar CO2/ (CO2+ H20)] of 0-0.17. Experiments were performed at
2-4 GPa and 1200 °C to constrain how the presence of variable COz in slab-derived aqueous
fluids affects the composition of peridotite partial melts. All experiments consisted of low degree
melts (<10 wt.%) in equilibrium with olivine + orthopyroxene + clinopyroxene. Melts at 2-4 GPa
are basaltic for XCO2 of 0-0.10 and become SiO2-poor and CaO-rich at XCO2 >0.10.
Comparison between our experimental partial melt compositions with a global dataset of the
most primitive arc magmas suggest that the upper limit of XCO:z in fluids inducing melting in
mantle wedges is ~ 0.10 at 2-4 GPa. We apply these new constrains to an H20 and CO2 mass
balance model for subduction zones and estimate that at least 34-86% of CO2 entering

subduction zones bypasses the sub-arc melt generation zone and is subducted to the convecting
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mantle, either carried by the slab or by the down-dragged limb of the mantle wedge directly

above the slab.

1. Introduction

The exchange of CO2 and H20 between Earth’s surface and mantle reservoirs is driven by
two key geological phenomena, namely subduction of oceanic lithosphere and volcanism. The
relative flux of each mechanism sets the surface inventory of these life-essential volatiles and
governs the long-term habitability of earth’s surface. It is argued that the majority of CO2
entering subduction zones does not resurface through arc volcanism but is rather carried within
slabs to the deep mantle (Fig. 1A). This argument arises from (1) calculated imbalances between
the flux of C in and out of subduction zones (Dasgupta and Hirschmann 2010; Johnston et al.,
2011) (2) experiments and thermodynamic models demonstrating carbonate mineral stability in
subducted lithologies through sub arc depths (Kerrick and Connolly 1998; Molina and Poli,
2000; Kerrick and Connolly 2001; Galvez et al., 2016). Such an imbalance, if not offset by mid-
ocean ridge/hotspot volcanism or metamorphic decarbonation, has the potential to transport all of
earth’s surface COz to the mantle on the order of billions of years (Sleep and Zahnle, 2001).

More recently, several authors have demonstrated that H2O-rich fluid, derived from the
breakdown of chlorite or serpentine in the subducting lithospheric mantle, may induce
decarbonation and/or melting reactions in the overlying crust, thereby generating H2O-CO2 fluids
at sub-arc depths (Connolly 2005; Gorman et al., 2006; Grassi and Schmidt 2011; Ague and

Nicolescu 2014; Kelemen and Manning 2015; Martin and Hermann 2018). Such a process may
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significantly increase the recycling efficiency of CO2 from the slab to the mantle wedge in
subduction zones; however, the extent to which CO: is subducted past the mantle wedge melting
zone (MWMZ) and into the deep mantle is still debated (Kelemen and Manning 2015; Plank and
Manning 2019). More specifically, the CO2 concentration of slab-derived fluids, hereafter
written in terms of XCO2 [= molar CO2/ (CO2+ H20)], remains uncertain yet is integral to
evaluating the recycling efficiency of CO2 and H20 in subduction zones (Fig. 1A). This
uncertainty, in large part, stems from the pathways the aqueous fluid takes and whether the fluids
effectively interact with carbonate veins that may be unevenly distributed in the overlying crustal
assemblages.

Many observations within natural arc systems suggest that COz is at least a minor
component in hydrous fluids fluxing the MWMZ. Melt inclusions hosted in arc lava phenocrysts
contain up to 6 wt.% H20 and 2500 ppm COz; however, considering the low solubility of CO: in
silicate melts at crustal pressures, the CO2 concentration of primary arc magmas are estimated to
be > 3000 ppm (Wallace 2005) and as high as 1.5 wt. % (Blundy et al., 2010). C isotopes suggest
that roughly two-thirds of carbon outflux in volcanic arcs is derived from subducted carbonates,
suggesting that slab-derived COz2 is a major source of carbon in the volcanic arc system (Shaw et
al., 2003; de Leeuw et al., 2007). Finally, sub-arc mantle xenoliths discovered in multiple
volcanic arcs around the world contain carbonate and hydrous minerals such dolomite, calcite,
amphibole, and phlogopite, providing evidence for the ubiquity of H2O-CO: fluid fluxing in
mantle wedges globally (Ionov and Hofman 1995; Mclnnes et al., 2001; Laurora et al., 2001;
Ducea et al., 2005; Sapienza et al., 2009).

Although H20 and COz are both recognized as important components in the mantle

wedge fluids, very few experimental studies have explored the effects of H2O-CO: fluids on
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peridotite partial melt compositions. Previous studies concerned with the role of H20-CO:z fluids
on mantle melting were either conducted using simplified peridotite compositions (Eggler 1978;
Wyllie 1978), focus primarily on solidus location, and do not report partial melt compositions
(Olafsson and Eggler 1983), or are conducted over P-T conditions relevant for
kimberlite/carbonatite genesis in the continental mantle lithosphere, i.e., at deeper conditions
(Thibault et al., 1992; Wallace and Green 1998; Foley et al., 2009; Dvir and Kessel 2017; Fig.
1B). Furthermore, most of these studies were performed using CO2 dominated starting
compositions (Fig. 1B), whereas fluids inducing partial melting in the mantle wedge are likely
dominated by H2O (Molina and Poli 2000). As such, most previous studies exploring fluid-
induced melting in the mantle wedge focus on the effects of H2O alone and demonstrate that at
2-3 GPa, partial melts in peridotite + H20 systems become increasingly SiOz-rich and CaO-poor
as the solidus is approached (Fig. 2). Conversely, partial melts from peridotite + CO2 systems at
3 GPa become increasingly SiO2-poor and CaO-rich as the solidus is approached (Dasgupta et
al., 2007; Fig. 2). Therefore, the addition of CO2 to slab-derived aqueous fluids could have a
profound effect on peridotite partial melt composition relative to CO2-free systems. However, to
date, a systematic evaluation of how peridotite partial melt compositions change as a function of
XCO: at mantle wedge P-T conditions is lacking.

Here, we present melting phase relations and partial melt compositions from four
peridotite + H2O + COz starting compositions with XCO: from 0 to 0.17 to explore how the
gradual addition of COz in slab-derived fluids affects the composition of peridotite partial melts.
Experiments were run at 2-4 GPa and 1200 °C to simulate conditions of partial melt generation

in mantle wedges (Fig. 1). By comparing our partial melt compositions with primitive arc melts,
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we constrain the XCO: of fluids inducing melting in the mantle wedge and further use this

constraint in a new subduction zone H20 and CO2 mass balance model.

2. Methods
2.1 Starting Materials

Due to the depleted nature of many arc mantle xenoliths (Arai and Ishimaru 2007), the
base peridotite composition used in this study is modeled after an unmetasomatised depleted
peridotite xenolith (AVX-51) from the Kamchatka arc (Rapp et al., 1999; Kepezhinskas et al.,
1995). Starting compositions were prepared to simulate partial melting of AVX-51 in the
presence of H2O-COz fluids. The bulk H2O content was held constant at 3.5 wt.% in all four
starting compositions to isolate how the addition of small amounts of CO2 in an otherwise
identical fluid/rock system affects peridotite melting systematics. The bulk CO2 contents of the
four starting compositions are 0.00, 0.35, 1.05, 1.75 wt.%, corresponding to fluids with XCOz =
0.00, 0.04, 0.11, 0.17, respectively. The bulk compositions of the starting mixes (DPO, DP.04,
DP.11, DP.17) are listed in Supplementary Table 1. The starting materials were synthesized
using reagent grade oxides (SiO2, Fe203, MnO, MgO), carbonates (CaCO3, Na2CO3, K2CO3),
hydroxides (Al(OH)3, Mg(OH)2), and hydrated magnesium carbonate
(Mg2(CO3)(OH)2.3H20). To minimize water adsorption, SiO2, TiO2, and MgO were heated
overnight at 1000 °C, Fe203, CaCOs3, Na2COs3, and K2COs3 at 800 °C, and MnO at 300 °C. For
the COqz-free starting mix (DPO0), SiO2, Fe203, MnO, MgO, CaO, Na2CO3, and K2CO3 were
mixed in the proportions of the calculated starting compositions and ground under ethanol for 1 h
in an agate mortar. After the ethanol evaporated, the mixture was fired in a Deltech CO-COz gas

mixing furnace at logfO2~ FMQ — 2 for 24 h to decarbonate the carbonate powders and reduce
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Fe*"to Fe?". After reduction in the gas mixing furnace, AI(OH)3 and Mg(OH): were added in the
proportion required to yield the desired bulk H20, MgO, and Al2O3 contents. The reduced
powder plus the hydroxides were then ground under ethanol in an agate mortar for 1 h. The
powder was collected in glass vial and stored at 110 °C in a drying oven. The previous steps
were repeated for starting compositions DP.04 and DP.11, however CaCO3 was added along
with the hydroxides to yield the desired CaO and CO: concentrations. For DP.17, CO2 was added
as CaCOs3, Na2CO3, K2COs, and hydrated magnesium carbonate (Mg2(CO3)(OH)2.3H20).
Hydrated magnesium carbonate was used due to the CO2 content of the calculated starting
composition exceeded that which can be held by CaCO3, Na2CO3, and K2COs in the proportions

necessary to meet the CaO, Na20, and K20 requirements of the base depleted peridotite.

2.2. Experimental procedure

Experiments at 2-3 GPa were performed using a half-inch piston cylinder (PC) apparatus
while experiments at 4 GPa were done using an 1100 ton Walker-style multi-anvil (MA)
apparatus, both housed in the Experimental Petrology Laboratory at Rice University. All
experiments were performed at 1200 °C to isolate the effects of XCOz and pressure on melt
composition. The PC experiments were performed using a half-inch BaCO3/MgO pressure media
following the calibration and procedure of previous studies (Tsuno and Dasgupta 2011; Lara and
Dasgupta 2020). The MA experiments were done using 18 mm MgO-Al203-SiO2 Walker-style
castable assembly following the calibration and procedure of Ding et al. (2014) and further
described in Tsuno and Dasgupta (2015). The starting mixes were packed into 3 mm outer
diameter Au7sPd2s capsules for PC experiments and into 2 mm outer diameter Au capsules for

the MA experiments. The temperature for both PC and MA experiments was monitored using a
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Type C thermocouple, accurate within 10 °C accounting for the thermal gradient across the
assembly.

Experiments for each of the four starting compositions were run at 2, 3, and 4 GPa for
durations of 97 — 143 h. The experiments were terminated by cutting off power to the heater and
the assemblies were decompressed slowly. Once a capsule was retrieved from the PC or MA, it
was mounted in Petropoxy 154 and stored in a furnace at 100 °C for 1 h to harden. The mounted
capsule was ground on a 600 grit SiC paper to expose the material in the capsule. Once the
material was exposed, the samples was impregnated with a low viscosity Petropoxy under
vacuum to prevent pluck outs and loss of material from the capsule upon further polishing. The

impregnated sample was then polished on a nylon cloth with 3 and 1 micron diamond powder.

2.3 Analysis of experimental products

Polished samples were first carbon-coated and then imaged and analyzed using a field
emission gun electron microprobe (JEOL JXA-8530F Hyperprobe) at the Department of Earth,
Environmental and Planetary Sciences at Rice University. Phases were identified using energy
dispersive X-ray spectroscopy (EDS) and analyzed for major elements using wavelength
dispersive X-ray spectroscopy (WDS) at an accelerating voltage of 15 kV. Minerals were
analyzed using fully focused, 20 nA electron beam. If compositional zoning in a mineral was
detected, analyses were taken along the rim as those analytical volumes are closer to equilibrium
with adjacent phases. Melts were analyzed using a 10 nA defocused electron beam. Multiple spot
analyses with beam sizes of 10-50 um were performed evenly across each melt pool to ensure

that the average composition was not biased by quench heterogeneity. Additionally, multiple
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surfaces were polished across many experiments to check the homogeneity of silicate melts
throughout the experimental capsule and to more reliably estimate the average composition of

partial melt for each experiment (Supplementary Table 6).

3. Results
3.1 Textures, phase relations, and fluid saturation

Phase assemblages and proportions are listed in Supplementary Table 2 and
backscattered electron images of experimental products are shown in Fig. 3. All experiments in
this study contain an assemblage of melt + olivine + orthopyroxene + clinopyroxene. Olivines
are euhedral with diameters >100 um and are typically adjacent to melt pools (Fig. 3).
Orthopyroxenes are euhedral but with much smaller diameters (<50 pm) while clinopyroxenes
are present as both euhedral grains with diameters >100 um often along capsule walls and as
much smaller subhedral grains, which form networks along opx grain boundaries (Figs 3A and
3C). Pyroxenes are typically located on the opposite end the of capsule with respect the melt and
olivine. Similar mineralogical gradients are observed in several hydrous peridotite studies and
are attributed to thermal compaction effects (e.g., Lesher and Walker, 1998; Grove et al., 2006).
Volatile-rich melts upon quenching and depressurization do not form homogeneous glasses but
rather form an aggregate of volatile-rich metastable quench phases (Green 1973, 1976).
Therefore, melt pool surfaces are rough and appear as aggregates of multiple phases with
differing grayscales in back-scattered electron images (Figs 3B and 3D). Small quenched
spherules observed along the capsule wall of experiment B491 (Supplementary Figure 4) is
interpreted as a separate quenched aqueous fluid phase as demonstrated in past studies (Grove

and Till 2019; Lara and Dasgupta 2020). Although this texture was only directly observed in one
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experiment, high total volatile contents of our starting mixes (3.50-5.25 wt.%) relative to the low
degree melts produced (<10 wt.%) suggest that all our melts are fluid saturated. Indeed, if we
assume that all H>O and COz enter the melt, mass balance calculations show that all melts have
total volatile contents > 49 wt.%, much higher than our measured differences from 100%
electron microprobe totals (Table 1). Therefore, we infer that all melts in this study are fluid
saturated. Additionally, mass balance calculations show 25-30% Na2O loss in our experiments
relative to our bulk composition, likely reflecting Na2O leaching into an H2O-rich free fluid

phase.

3.2. Mineral and melt compositions

All mineral compositions are listed in Supplementary Tables 3-5. Olivines are Fo92.93,
excluding olivines from experiments which suffered severe Fe loss. Orthopyroxenes are
enstatite-rich (Mg# = 91.5-94.5; CaO = 0.5 — 1.3 wt.%; A2O3 = 0.2 - 0.8 wt.%). Clinopyroxenes
are Mg-rich augite (Mg# = 91.5-94.5; CaO = 18 — 21 wt.%; Al203 = 0.7 - 2.3 wt.%; Na2O = 0.5
— 1.2 wt.%). No significant correlations between mineral composition, XCOz2, and pressure are
observed in this study.

Initial mass balance calculations reveal that >15% Fe loss to metal capsules occurred in
several experiments. Therefore, phase proportions are estimated by mass balance calculations
excluding FeO* (Supplementary Table 2). Fe was added back to melts from experiments B498,
B499, B495, MA271, MA269 and MA270 using methods described in Mallik et al. (2015). Fe-
corrected melt compositions are listed in Table 1 and plotted as a function of XCO: in Fig. 4.
Si02, CaO, and Al20s3 all show systematic correlations with XCO: at a constant temperature

(1200 °C). At 2 GPa, from bulk XCO2 of 0 to 0.17, melt SiO2 decreases from ~ 50 to 26 wt.%,
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CaO increases from ~ 11 to 40 wt.%, and Al2O3 decreases from ~ 8 to 4 wt.%, with exception to
the experiment at XCO2 of 0.1 (Al203 = 12.5 wt.%). At 3-4 GPa, from XCO2 of 0 to 0.17, melt
Si0O> decreases from ~ 46 to 36 wt.%, Al2O3 from ~ 14 to 6 wt.%, and CaO increases from ~ 10
to 25 wt.%. FeO*, MgO, Na20, and K20 do not show obvious correlations with XCO: or
pressure (Fig. 4). FeO* in our experiments ranges from ~ 10 to 6 wt.%, MgO ~ 22-12 wt.%,

Na20 ~ 4-2 wt.% and K20 ~ 2.5-0.3 wt.%.

3.3. Approach to Equilibrium

The following criteria are used to establish maintenance of a closed system and a close
approach to equilibrium. (a) Long experimental duration of 97-143 h, which exceed previous
peridotite + H20 £ CO2 melting studies demonstrating equilibrium at similar P-7 conditions
(e.g., Dvir and Kessel, 2017). (b) Small compositional heterogeneity within minerals as evident
from replicate WDS analyses (Supplementary Tables 3-5). (¢) Low sum of squared residuals in

all experiments as demonstrated in mass balance calculations on an FeO*-free basis

(Supplementary Table 2). (d) Kp l(\)/[lelt =0.24 — 0.43 for all experiments, in agreement with this

exchange coefficient (Roeder and Emslie 1970; Toplis 2005; Filiberto and Dasgupta, 2011).

4. Discussion

4.1 Comparison with previous peridotite + HO + CO: studies

4.1.1. Effect of H2O-CO: fluids on peridotite partial melt composition
Many previous studies demonstrated that both H20 and COz significantly alter the

composition of mantle-derived melts (Kushiro, 1972; Green 1976; Hirose 1997; Gaetani and
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Grove 1988; Grove et al., 2006; Dasgupta et al., 2007; Mitchell and Grove 2015; Grove and Till
2019; Sun and Dasgupta, 2019; Lara and Dasgupta 2020). Because melt compositions in
peridotite + H20 vs. peridotite + CO2 systems diverge as the solidus is approached (Fig. 2),
predicting melt compositions in peridotite + H2O + COz systems, particularly as a function of
XCOz, is not trivial. In Fig. 5, our melt compositions are plotted as a function of bulk XCO2 and
melt fraction and compared to melts from previous peridotite + H2O + COz studies on a volatile
free basis (Wallace and Green 1988; Thibault et al., 1992; Foley et al., 2009; Brey et al., 2009;
Dvir and Kessel 2017). These experimental data cover a range of bulk XCO», pressure, and
temperature of 0.00-0.78, 2-6 GPa, and 900-1300 °C, respectively. From this comparison, it is
evident that the composition of low degree melts (melt fraction <0.15) become CaO-MgO rich
and SiO2-Al203 poor as bulk XCOz increases, while at a given XCOz, melts become increasingly
CaO poor and SiO2-Al20s3 rich as melt fraction increases (Fig. 5).

The trends observed in Fig. 5 are best explained by the documented effects of CO2 on
peridotite partial melt composition and are in contrast to trends observed in nominally COz-free,
hydrous systems where low degree melts are typically enriched in SiO2 and Al2O3 and depleted
in MgO and CaO (Kushiro, 1972; Green 1976; Gaetani and Grove 1988; Grove et al., 2006;
Mitchell and Grove 2015; Grove and Till 2019; Lara and Dasgupta 2020).The positive
correlation between COz and CaO in partial melts from CMAS + COz and natural peridotite +
COz systems is well documented (e.g., Eggler, 1978; Hirose, 1997, Dasgupta et al., 2007; Sun
and Dasgupta, 2019), resulting from reactions between Ca*" cations and NBO-carbonate (CO3?")
forming CaCO3 complexes in silicate melts (Brooker et al., 2001). Similar reactions might also
occur with Mg?" cations (Duncan et al., 2017), which is supported by positive correlations

between MgO and XCOz2 in H20-COz bearing melts (Fig. 5), and in the nominally H20-free, CO2



259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

bearing melts from Dasgupta et al. (2007) and Mallik and Dasgupta (2014). Additionally, strong
negative correlations are observed between CO2 and SiOz2 in partial melts from CMAS + COz
and peridotite + CO2 systems (Eggler 1978; Hirose 1997; Gudfinnsson and Presnall 2005;
Dasgupta et al., 2007). This trend is explained by dilution of the melt with respect to SiO2 by
increases in dissolved CO3> and associated 2+ cations (Ca?", Mg?") (Dasgupta et al., 2007). The
negative correlation between CO2 and Al203 in Fig. 5 is less understood; however, it is likely
related to similar dilution effects. Considering that the compositional effects of CO2 are more
prominent in Fig. 5, even in H2O-dominanted systems (XCO2 <0.50), it appears that CO2 poses a
larger influence, relative to H20, on melt compositions in peridotite + H2O + COz systems at
pressures >2 GPa.

Owing to the highly incompatible nature of volatiles during partial melting, as melt
fraction increases, the total volatile (H20 + CO:) concentrations in the melt decrease and thus are
less affected by the compositional effects of H2O and CO:s. It is therefore not surprising that high
degree melts are roughly basaltic in composition across the XCOz interval. This is also observed
in peridotite + CO: and peridotite + H20 systems, where partial melts converge to basaltic

compositions (~ 42 wt.% SiOz; ~10 wt.% CaO) as melting degree increases (Fig. 2).

4.1.2 Effects of total volatile content on melting in peridotite + H20 + CO: systems

Several peridotite + H2O melting studies have demonstrated that starting compositions
with higher bulk H20 yield higher melt fractions at a given P and 7' (Mitchel and Grove 2015;
Mallik et al., 2016; Lara and Dasgupta 2020). Whether the same correlation holds in in peridotite
+ H20 + COz systems is unknown. The starting compositions from Dvir and Kessel (2017) have

identical XCOz (0.04 and 0.17) as two of our starting compositions, but with total volatile
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contents (H20 + COz2) ~3 times greater than ours (Supplementary Table 1). Thus, this study
offers an excellent comparison to evaluate how partial melting behavior changes as a function of
total volatile content at a constant XCOx.

Considerably higher melt fractions (0.2-0.3) are reported in Dvir and Kessel (2017)
relative to our experiments (Fig. 6). Considering that their experiments were run 100-300 °C
lower yet still yield higher melt fractions, it is apparent that total volatile content greatly
influences melt fraction in peridotite + H20 + CO2 systems. However, lower melt productivity is
also expected in our depleted peridotite composition relative to the more fertile composition in
Dvir and Kessel (2017) and therefore differences in melt fraction between these studies cannot
be solely attributed to total volatile content. One interesting observation is that, despite the large
difference in melt fraction between these two studies, SiO2 and CaO concentrations in the melts
are similar for bulk compositions with equal XCO2 (Fig. 6). This is likely due to a tradeoff
between larger quantities of COz available to dissolve in silicate melts and larger melt fractions,
which both result from higher bulk volatile contents. In other words, it is conceivable that some
low degree melts in this study have similar CO2 concentrations as high degree melts from Dvir
and Kessel (2017), thus explaining the similarities in CaO and SiO2 melt composition. The
difference in melt fraction does appear to have a larger effect on the concentrations of Na2O and
K20 (Fig. 6). This is not surprising considering both the highly incompatible nature of alkalis
during partial melting and the lesser effects of NBO-carbonate (CO3%) on +1 cations in silicate
melts (Brooker et al., 2001). Whether the same trends and tradeoffs discussed above hold in CO2

dominated systems is unknown and requires future experimental study.

4.2 Comparison with primitive arc melts and limits on CO: content in the sub-arc source regions
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In this section, we compare our experimental melt compositions with natural primitive
arc melts to constrain the fluid compositions that flux the sub-arc mantle wedge melting zone

(MWMZ).

4.2.1 Primitive arc melts and fractionation corrections

Most arc melts sampled at the surface have undergone significant extents of fractional
crystallization and or crustal assimilation since last equilibration with the mantle. Therefore,
comparing experimental melts in equilibrium with mantle minerals with natural arc melts must
first account for the complex fractionation and assimilation histories of arc melts. To overcome
this complexity, we use the global primitive arc rock dataset compiled in Schmidt and Jagoutz
(2017), which applies strict selection criteria (Equilibrium olivine Mg# = 0.87-0.91, Ni = 2000-
4000 ppm) on >14000 volcanic arc whole rock data to select only arc lavas and dikes, which
have been minimally altered since last equilibration with the mantle. This gave 938 primitive arc
melts in equilibrium with an average Mg# olivine = 0.88; much lower compared to the average
olivine produced in this study (Mg# ~ 0.92, Supplementary Table 3). Thus, to aptly compare our
experimental melts with primitive arc melts, we have subtracted olivine from our melts until
equilibrium with Mg# olivine = 0.88 are reached (Supplementary Material). In Fig. 7, we plot the
compositions of our fractionation corrected melts on a volatile free basis and compare them to
primitive arc melts from Schmidt and Jagoutz (2017) as well as to anomalously CaO-rich, silica

undersaturated primitive melt inclusions from Schiano et al. (2000).

4.2.2 Upper XCO: limits of mantle wedge fluids at 1200 °C
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In Fig. 7, bulk compositions with XCO2 = 0.17 generate melts at 1200 °C with SiO2,
Ca0, and Al2O3 compositions, which lie exceedingly far from all primitive arc melts. This
suggests that XCO2 = 0.17 far exceeds the upper limit of fluids in the MWMZ, in agreement with
slab decarbonation models from Gorman et al. (2006) and Galvez et al. (2016). More
specifically, the highest XCO2 which can reproduce primitive arc melt compositions is 0.10 at 2-
4 GPa, thereby setting limits on CO2, relative to H20O, present in the MWMZ. This is not an
artifact of the fractionation corrections applied to our melts as the same conclusion holds when
comparing our original uncorrected melt compositions to primitive arc melts (Supplementary
Figure 2). The exception is that all our uncorrected melts have systematically higher MgO and
lower Al203 concentrations with respect to primitive arc melts; likely a consequence of the latter
having undergone olivine fractionation. Fractional crystallization experiments have also
demonstrated that cpx in addition to olivine lies close the liquidus of hydrous arc melts at lower
crustal pressures (Blatter et al., 2013; Nandedkar et al., 2014). Therefore, we applied a second
fractionation correction to our melts where we subtract /2 mass unit of cpx for every 1 mass unit
of olivine until melts are in equilibrium with olivine Mg# = 0.88 (Supplementary Materials).
These corrected arc melts are compared to primitive arc melts in Supplementary Figure 3. Even
when correcting for cpx and olivine fractionation, the conclusions drawn from Fig. 7 hold. It is
reasonable then to conclude that fluids in the MWMZ are very CO2 poor and specifically with
upper XCO2 limits at 1200 °C ~ 0.10 at 2-4 GPa. We note that this XCOz limit appears smaller at
2 GPa; however, due to large uncertainties in SiO2, CaO and Al20O3 concentrations in the melt
from the experiment (B498) at 2 GPa with XCO2= 0.10 (Figure. 4), we are cautious to set

constraints at XCO2 <0.10.
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4.2.3 XCO: limits at higher temperatures

Our experimental constraints on the effects of XCO2 on peridotite partial melt
compositions are at 1200 °C. However, many geodynamic models predict maximum mantle
wedge temperatures beneath arcs upwards of 1400 °C (e.g., Syracuse et al., 2010, England and
Katz, 2010; Fig. 1A). Therefore, it is possible that some arc melts are generated at higher
temperatures than our experimental temperature of choice (1200 °C). To evaluate whether
similar XCO2 limits would hold at higher temperatures, we estimate melt fractions at 1400 °C for
bulk compositions with XCO2 = 0.17 at 2-4 GPa using isobaric melt productivities (IMP) of 5.8
and 7.9 wt.%/100 °C at 2 and 3-4 GPa, respectively, from Lara and Dasgupta (2020). These
IMP’s are used because they were derived using the same base peridotite composition with
identical H20 contents (3.5 wt.%) as this study and therefore we expect similar melt
productivities in our experiments. We estimate that at 1400 °C, bulk compositions with XCOz =
0.17 at 2 GPa would generate 13.58 wt.% melt and bulk compositions with XCO2 = 0.17 at 3-4
GPa would generate 20.1 wt.% melt. If we assume that all COz in our bulk compositions is
present in the melt, then at 1400 °C, melt CO2 concentrations are estimated to be 11.04 wt.% for
bulk compositions with XCO2 = 0.17 at 2 GPa and 8.71 wt.% for bulk compositions with XCO2
=0.17 at 3-4 GPa. Using empirically derived equation of melt COz2 vs. melt SiO2 from Dasgupta
et al. (2007) (See Supplementary Methods), we calculate SiO2 concentrations of 36.4 wt.% for
bulk compositions with XCO2 = 0.17 at 2 GPa and 38.5 wt.% for bulk compositions with XCO2
=0.17 at 3-4 GPa. Given that the melt SiO: estimates at 1400 °C are still much less than even the
most SiO2-poor primitive arc melts and that 1400 °C is close to the thermal maximum in mantle
wedges (England and Katz, 2010), we consider it likely that the XCOz limits derived from 1200

°C experiments will apply to all mantle wedge thermal conditions and thus would apply globally.
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However, due to a lack of experimental partial melt compositional data in peridotite + H20O +
COz systems at temperatures >1200 °C (Fig. 1B), the combined effects of H20 and CO2 on melt
productivities at higher temperatures cannot be fully assessed and requires future experimental

study.

4.3 Implications for the Deep Carbon Cycle
Given that our experimental partial melt compositions and their comparisons with primitive arc
basalts constrain the relative abundance of H2O and CO:z in the MWMZ, we can use this

information to constrain on the efficiency of carbon recycling in subduction zones.

4.3.1 CO:z and H20 mass balance in subduction zones

In equations 1 and 2 below and as illustrated in Supplementary Fig. S3A, we describe a simple
mass balance of CO2 and H20 in subduction zones.

COZiTl = COZf + COZW + COZm (1)

Hzol'n = Hzof + HZOW + HzOm (2)

Where CO,, is the global flux of COz entering subduction trenches in (g/y) and CO, £ €0,

and CO,, are the global flux of COz entering the forearc mantle, mantle wedge melting zone

(MWMZ), and deep mantle, respectively in g/y. Similar notation is used for H2O mass balance

(equation 2). Dividing all terms by €O, or H,0;y yields

1= C + Cy+Cp 3)



397 1= Hf+ H, + Hpy 4)

398

399 Where (f, C,, and G, are the flux of COz entering the forearc mantle, MWMZ, and deep mantle
400  relative to CO,,. Similar notation is used for H20 (equation 4).

401

402  Considering,

€0y,

403 G = o (5)
H,0,,
404 H, = ﬁ (6)

405  Then,

406 W= w2 (7)
407  Now considering,
408 (8)

409

410  Where e = 0.27 is our experimentally determined limit for wt.% CO2 divided by wt.% H20

411  entering the MWMZ (equivalent to XCO2 = 0.1). Combing equations 7 and 8 yields

412

413 CW=IZ(2)—Z;':><e><HW (9)
414  For simplicity we denote,

415 ’ZO—‘Z’: = HC,, (10)

416

417  Plugging equations 9 and 10 back into equation 3 and rearranging yields,
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Cn=1—C;— HCip X eXH, (11)

Note that the fraction of subducted CO2 that enters the deep mantle (C,,) depends only on 4 non-
dimensional numbers; (1) fraction of subducted COz entering the forearc mantle (Cr) (2)
H20/COz ratio of incoming oceanic lithosphere (crust + mantle) (HCj,,) (3) our experimentally
determined maximum CO2/H20 in the MWMZ (e); assumed to be supplied chiefly by slab
devolatilization and (4) fraction of subducted H20 entering the MWMZ (H,, ). The subduction
zone mass balance in terms on non-dimensional numbers is further illustrated in Supplementary
Fig. S3B. To determine input values or ranges for each non-dimensional term in equation 11, we

compile H20 and CO: flux estimates in subduction zones from existing literature in Table 2.

4.3.2 Estimating input parameters

Several studies have attempted to quantify the global flux of mineral bound CO: or H20
entering subduction zones; however, most of these studies only provide estimates for CO2 or
H20 independently. Therefore, internally consistent estimates for HC;;, are mostly unavailable in
the existing literature with the exception to Jarrard (2003) who estimate a value of 4.9 (Table 2).
To select a reasonable range of HC;,,, we ran 1000 Monte Carlo simulations using the ranges of
H,0;;, and €O, listed in Table 2 and found an average HCj,,~ 5 + 2 (1o). This suggests that
around five times more mineral bound H20 enters subduction zones by weight globally relative
to CO2; however, it should be noted that the H>2O and CO2 content of the oceanic lithospheric
mantle remains highly uncertain (Hacker 2008; Kelemen and Manning 2015) and therefore the

average and range of HC;, is subject to change.
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Kelemen and Manning (2015) use thermodynamic modeling to estimate that the global
CO:2 flux to the fore-arc mantle (> 2GPa) is about 0.3-3% of CO,;, , while more recently Barry et
al. (2019) used helium and carbon isotope data from deeply sourced springs beneath the Costa
Rican forearc to estimate that 0.1-12% of CO: entering the Costa Rican subduction zone is
released through the fore-arc. Since both studies estimate Cr < 0.12 using differing methods and
applied to different spatial scales, we find it reasonable to consider a maximum Cy of 0.12.

Finally, several studies have estimated the flux of H20 entering the mantle wedge relative
to the flux of H20 entering subduction trenches (Ito et al., 1981, Peacock 1990; Schmidt and Poli
1998, 2003; Van Keken et al., 2011). These studies predict that about 10-40% of subducted H20
fluxes the mantle wedge, while the remaining 60 - 90% is either released to the fore-arc mantle
or subducted beyond the arc to the deep mantle (Hacker 2008). Therefore, we vary H,, from 0.1 -
0.4 and further discriminate mantle wedge H2O fluxes in cold (H,, = 0.1-0.25) vs. hot (H,, =

0.25-0.4) subduction zones according to Schmidt and Poli (1998).

4.3.3 Fraction of subducted CO: entering the deep mantle

In Fig. 8A and 8B, we plot solutions to equation 11 on 2D contour maps covering the
ranges of HC;y,, Cr, and H,, determined in Table 2. To evaluate the likelihood of subducted CO:
returning to the deep mantle, we calculate C,,, values in Fig. 8 by evaluating equation 11 using
our experimentally determined maximum value e = 0.27 at 2-4 GPa. If we assume that HC;;,, = 5
and the fraction of subducted COz that enters forearc is negligible (C; = 0) (Kerrick and
Connolly., 2001; Kelemen and Manning., 2015), then we predict that 46-86 % of subducted CO-
enters the deep mantle (Fig. 8A). If we assume HC;,, = 5 and up to 12% of subducted CO2 enters

the forearc as suggested in the field based study of Barry et al. (2019), then we still predict that
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34-74 % of subducted CO2 will enter the deep mantle (Fig. 8B). The exception to these
constraints occurs only if HC;,, and H,, are near their estimated maximum values, for example if
H20 is ~ 7 times more abundant than CO2 within an incoming slab entering a hot subduction
zone (Figure 8B). In this scenario, the majority of subducted CO2 may be released to the mantle
wedge as COz2-poor fluids, thereby meeting the constraints set by e. However, because most of
the parameter space considered in Fig. 8 predicts a C,,, = 0.34-0.86, we consider it likely that 34-
86% of CO: entering subduction zones globally bypasses the MWMZ and is subducted to the
deep mantle (Figure 8C). We note that while our approach predicts low XCO2 fluids in the
MWMZ, it does not rule out potentially high CO: fluxes from the subducting slab (crust +
mantle lithosphere) to the sub-solidus mantle directly above the slab. Reaction between
peridotite and H2O-CO:x fluids or H20-CO2-bearing melts at sub-solidus conditions (<1000 °C)
can precipitate hydrous and carbonate minerals (e.g., Saha et al., 2018, 2021; Saha and Dasgupta,
2019), thereby potentially inhibiting some slab-derived H20 and COz from fluxing the hotter
core of mantle wedge and influencing arc magma generation. This sub-solidus mantle wedge
region, however, would get dragged down with the slab (Fig. 1) and in either case, CO2 does not

get recycled into the MWMZ and enters the deep mantle.

5. Concluding remarks

In order to constrain the effect of dissolved COz in slab-derived aqueous fluid on primary
melt compositions generated in the mantle wedge, we ran high P-T experiments on depleted
peridotite + H20 + COz at conditions relevant for slab-derived flux melting in the mantle wedge
(2 - 4 GPa, 1200 °C). We systematically varied XCOz of starting compositions from 0.00 to 0.17.

We find that as XCO: increases at a constant pressure and temperature, the CaO concentrations
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of partial melts systematically increase while the SiO2 and Al2O3 contents systematically
decrease. Comparing our experimental melts to natural primitive arc melts, we find that fluids
with XCO22> 0.10, at 2-4 GPa produce melts which lie exceedingly far from all primitive arc
melts in terms of CaO, SiOz, and Al203, thereby setting constraints on the XCO: of fluids fluxing
mantle wedges beneath arcs. Applying these XCOz constraints in an H2O-CO2 subduction mass
balance model, we demonstrate that among most conceivable subduction scenarios (incoming
plate compositions, thermal structure), 34-86 % of CO: entering subduction zones globally is
likely transported to the deep mantle, either being hosted in subducting slab lithologies or as part

of the down-dragged limb of the mantle wedge.
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Fig. 1. (A) A schematic illustration of CO. and H.O cycling in subduction zones. Grey arrows
represent mineral bound CO. and H.O fluxes into the mantle via subduction while black arrows
represent CO. and H.O fluxes from the slab to the forearc and mantle wedge melting zone
(MWMZ). Any imbalance between these two fluxes equals the flux of CO. and H.O to the deep
mantle either carried by the slab (large white arrows) or by the adjacent sub-solidus mantle
wedge (SSMW) dragged down by the slab (small white arrows). XCO. (CO./ (CO.+ H.O) in mol
units) of fluids generating primary arc magmas in the MWMZ remains a key unknown parameter
in the deep hydrogen and carbon cycles. Mantle wedge isotherms are from Syracuse et al. (2010)
Alaska Peninsula — W1300 model. (B) Pressure and temperature conditions of the experiments in
this study (black stars) compared to previous peridotite + H.O+ CO.experiments where melt
compositions are well reported. H.O dominated starting compositions (solid black symbols) are
defined as those with XCO. <0.5, while CO. dominated starting compositions (white symbols)
are those with XCO. > 0.5. C-O-H fluid saturated solidus is from Falloon and Green (1990) from
1-3 GPa and Dvir and Kessel (2017) at 4-6 GPa. Grey region is the global range of mantle wedge
P-T conditions from Syracuse et al. (2010), which lie above the C-O-H fluid saturated solidus,
defining the P-T space of the MWMZ. Dotted lines are continental geotherms from Lee et al.
(2011). Note that most previous studies are conducted in CO. dominated system at continental
lithospheric mantel P-T conditions.
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Fig. 2. SiO2 (a) and CaO (b) contents of experimental partial melts from peridotite + CO2 and
peridotite + H20 systems at 2-3 GPa plotted as a function of the extent of melting. All melts are
plotted on a volatile free basis. Peridotite + CO: data are from Dasgupta et al. (2007) and
peridotite + H2O data are from Pirard and Hermann (2015), Mitchell and Grove (2015), Mallik et
al. (2015, 2016), Grove and Till (2019), and Lara and Dasgupta (2020). Maximum mantle wedge
temperature ~1450 °C is from Syracuse et al. (2010). Note the diverging behaviour of partial
melt compositions in hydrous versus carbonated systems as the solidus is aproached.
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Fig. 3. BSE images of typical experiments on peridotite + H20 + COz systems. (A) Full capsule
BSE image of experiment B497 run at 3 GPa, 1200 °C using starting composition DP.17. The
phase assemblage in this image (melt + olivine + opx + cpx) is characteristic of most
experiments in this study. (B) Magnified image of H2O-COz-bearing melt corresponding to red
square in (A). Note that the quenched melt is an aggregate of exsolved metastable quench
phases. (C) Full capsule BSE image of MA471 performed at 4 GPa, 1200 °C using the CO2-free
starting composition DP.00. Phase assemblage also consists of melt + olivine + opx + cpx. (D)
Magnified image of H2O-bearing melt corresponding to red square in (C). Similar to the H2O-
CO»z-bearing experiments, H2O bearing melts are aggregates of exsolved metastable quench
phases. In both peridotite + H20 and peridotite + H20 + COz systems, olivines are concentrated
towards and pyroxenes away from melt pools.
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Fig. 4. Measured and Fe-corrected melt compositions produced in this study on a volatile-free
basis plotted as a function of XCO:z [= molar CO2/(CO2+H20)] of the starting compositions. 1o
error bars are based on replicate electron microprobe analyses. All melts were generated at a
constant temperature of 1200 °C. Note that even at constant P-T; SiO2, CaO, and Al20O3 partial
melt compositions shift significantly as XCO: of bulk composition changes.
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Fig. 5. Major element composition of experimental melts on a volatile free basis from this study
and previous peridotite + H20 + COz studies as a function of melt fraction (color bar) and the
nominal XCOz of the bulk composition. Previous studies — W88: Wallace and Green (1998);
T92: Thibault et al. (1992); F09: Foley et al. (2009); D17: Dvir and Kessel (2017); B09: Brey et
al. (2009). Purple curves show compositional trends of low degree melts as bulk XCOz increases,
while the tan lines show compositional trends as melt fraction increases at a given bulk XCOo.
All curves and lines are nonquantitative and intended to guide the reader’s eye. Black arrows
show the effective XCO:z of fluid available to dissolve in silicate melts in Brey et al. (2009) and
Wallace and Green (1998), given magnesite (Mgs) and amphibole (Amph) were respectively
present in these experiments. The breaks on the x axis cover XCO2 ranges where experimental
data is lacking. Vertical error bars on data from this study are +1c uncertainties based on
replicate microprobe analyses, as given in Table 3.
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Fig. 6. Melt fractions and compositions of melts on a volatile free basis produced in bulk
compositions with XCO2 = 0.04 and 0.17 from this study and Dvir and Kessel (2017). TVC is
the total volatile content (H20 + COz) in wt.% of starting compositions. Vertical error bars for
data generated in this study are +1c uncertainties based on replicate microprobe analyses, as
given in Table 3. Breaks in the x axis cover melt fractions not present in either study. Note that
despite being run 100-300 °C cooler than the present study, melt fractions produced in the
experiments of Dvir and Kessel (2017) are significantly higher than ours, reflecting the effect of
TVC on the extent of melting. See discussion section 4.1.2 for details
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Fig. 7. Composition of olivine fractionation corrected experimental partial melts from this study
compared to primitive arc lavas (Schmidt and Jagoutz, 2017: small grey circles and Schiano et
al., 2000: small red circles). All melt compositions are reported on a volatile free basis. The
corrected melt compositions are grouped according to the color bar, which represents the XCO:2
of the bulk compositions the melts were generated from. Black dashed boxes in the color bar
represent the XCOz of our starting compositions. Note that melts produced in the bulk
compositions with XCO2 = 0.17 lie far from all primitive arc melts considered, suggesting that
mantle wedge fluids have XCO2 < 0.17. Error bars are +1c uncertainties of the experimental
melt compositions based on replicate microprobe analyses. See supplementary materials for
fractionation correction details.
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Fig. 8. The fraction of subducted CO2 entering the deep mantle (Cm; color coded field and
contoured lines) as a function of the fraction of mineral bound H2O, which is released to the
mantle wedge (Hw), and the mineral bound H20/COz ratio of incoming slabs (HCin) for
negligible Cr (A) or Cr=0.12 (B). White vertical lines in each panel are the average HCin with



+10 error determined by Monte Carlo simulations using H.O and CO. flux estimates in Table 2.
Black horizontal line discriminates between mantle wedge H.O fluxes predicted for hot vs. cold
subduction zones after Schmidt and Poli (1998). (C) Cartoon representing the quantity and
location of each flux represented in equations 9 and 11 by setting HCin = 5 and using our
experimentally determined value e = 0.27.



Table 1
Experimental partial melt compositions

Run no B500 B492 B494 B498 B499 B491 B495 B497 MA271 MA268 MA269 MA270
P (Gpa) 2 2 2 2 3 3 3 3 4 4 4 4
T(°C) 1200 1200 1200 1200 1200 1200 1200 1200 1200 1200 1200 1200
XCO; 0 0.04 0.10 0.17 0 0.04 0.10 0.17 0.00 0.04 0.10 0.17
Method Measured Measured Measured Fe CorrB Fe Corr Measured FeCorr Measured FeCorr Measured Fe Corr Fe Corr
nA 18 20 21 25 12 11 23 10 15 8 30 6
Melt % 7.1(3) 6.4 (5) 3.3(2) 2.0(2) 4.3 (1) 6.3 (6) 4.6 (7) 4.3(2) 2.8 (3) 5(1) 7.5(2) 3.3(2)
SiO; 50 (1) 48 (2) 37 (6) 27 (3) 45 (1) 46 (4) 47 (1) 36 (3) 46 (1) 51 (4) 48.9 (8) 37 (4)
Al O3 8.3 (8) 8.2 (7) 12 (3) 3.9 (8) 11.8 (9) 11 (3) 9.7 (4) 7 (1) 14.9 (6) 9(2) 7.1(4) 6(3)
FeO* 9.5(9) 8.0 (8) 6.9 (8) 5.9 (5) 7.6 (7) 10 (1) 6.2 (1) 8.1(8) 6.9 (2) 8(2) 8.0 (1) 9(2)
MnO 0.25 (6) 0.25 (6) 0.3(1) 0.2 (1) 0.34 (7) 0.23 (7) 0.32 (5) 0.19 (5) 0.20 (3) 0.9 (1) 0.24 (4) 0.3(2)
MgO 17 (2) 20(2) 12 (2) 20(2) 18 (1) 18 (4) 16 (1) 22 (3) 17 (1) 17 (4) 22.1(7) 15 (4)
Cao 11 (2) 12 (2) 26 (9) 40 (1) 13 (1) 12 (6) 15 (1) 23 (2) 9(1) 7(1) 10.3 (4) 27 (2)
Na,O 2.0(5) 2.4 (4) 2.3 (4) 3(1) 2.8 (5) 2.0 (4) 4.5 (5) 2(1) 4.3 (4) 4(1) 3.2 (4) 4 (3)
K20 0.6 (3) 1.0(2) 1.9(5) 0.9 (5) 1.3(2) 1.0(5) 1.0(2) 1.2 (3) 0.9 (2) 2 (1) 0.26 (8) 1.0 (4)
Mg#¢ 0.76 0.82 0.76 0.86 0.81 0.75 0.83 0.83 0.82 0.80 0.83 0.75
KoP 0.27 0.40 0.24 0.43 0.39 0.24 0.43 0.41 0.41 0.30 0.40 0.33
DPTE 33(8) 27 (9) 26 (4) 28 (5) 23 (8) 19 (7) 19 (3) 28 (4) 19 (3) 36 (8) 20 (2) 43 (4)

Melt compositions reported on a volatile-free basis in wt.%. + 1o error based on replicate electron microprobe analyses are reported in
parentheses. + 1o error are reported as least digits cited. For example, 46 (4) should be read as 46 + 1 wt.% and 14.9 (6) as 14.9 + 0.6
wt.%.

A Number of analyses.

B Fe corrected melt composition based on Fe loss to Au7sPd2s and Au capsules.
€ Mg# = molar MgO/ (MgO + FeO¥*)
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EDifference between 100% and measured probe totals for melts.

;F;(l)tl)aljilze: flux estimates in subduction zones from previous studies and estimation of variables in equation 11.
H20in CO2in CO2t H20w HCin Ci© H."
Variable (10'g/7) (10"g/y) (10"g/y) (10™g/y) (nd?) (nd) (nd)
Jarrard (2003) 7.38% 1.52%* 4.9
Dasgupta and Hirschmann (2010) 22-42
Dasgupta (2013) 2.0-3.2
Kelemen and Manning (2015) 1.5-24 0.004 - 0.07 .003 -.03
Plank and Manning (2019) 2.5-3.5
Van Keken et al. (2011) 7.0-10.0 1.0-14 0.14
Hacker (2008) 13.3
Peacock (1990) 8.7* 0.10
Bebout (1995) 9.3-19.4*
Rupke et al (2004) 9.0-18.0
Barry et al. (2019)F 0.04 0.0005 - 0.005 0.001 -0.12
Schmidt and Poli (1998) 0.18-0.37
Ito et al. (1981) 0.1
Estimate® 5+2 0-0.12 0.1-04

ANon-dimensional number

B Flux of mineral-bound H20 divided by flux of CO:2 entering subduction zones.
CFlux of CO2 entering fore-arc mantle divided by flux of CO: entering subduction zones.
DFlux of H20 entering mantle wedge divided by flux of H20 entering subduction zones.



ENot a global estimate. Only an estimate based on the Costa Rican subduction zone.
FOur estimates for the variables in equation 11 using flux estimates from existing literature
* Does not include oceanic lithospheric mantle in estimate.
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