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Assessing the efficiency of material recycling at convergent margins is critical to constraining the impact 
of plate tectonic processes on the composition of surface and deep mantle reservoirs on geologic 
timescales. In particular, oceanic lithosphere bearing oxidized phases such as Fe-oxy-hydroxides, Fe-
oxides, serpentine, carbonate, and sulfate minerals, subduct at convergent margins and the infiltration 
of aqueous fluids and sediment melts from the subducting slab into the mantle beneath arc volcanoes 
may thus carry oxidized forms of multi-valent elements (e.g., S, Fe, C) and lead to the generation of 
primitive arc melts that record elevated oxygen fugacities relative to mid-ocean ridge primitive melts. It 
is unclear, however, how efficiently aqueous fluids and silicate melts transport the oxidized signatures 
of any given subducting slab into the mantle wedge in a single subduction zone, and how much, if any, 
of these oxidized phases may be recycled into the deeper mantle. We present a mass balance of Fe3+, 
S2−, S6+, and C4+ , as well as the O2 associated with these species, through the Mariana subduction zone 
to assess the efficiency of recycling oxidized materials in an end-member type subduction zone, where 
old oceanic lithosphere and a thick sediment package is subducted. To do this, we report Fe3+/�Fe
ratios of bulk sediments and altered oceanic crust recovered from ODP Site 801 in the western Pacific 
in order to constrain the bulk Fe3+/�Fe ratio of the Pacific plate prior to subduction in the Mariana 
convergent margin. Site 801 sediments have Fe3+/�Fe ratios >0.69 and the altered oceanic crust (801 
Super Composite) has Fe3+/�Fe of 0.51. Bulk Fe3+/�Fe ratios of altered oceanic crust at Site 801 increase 
from 0.14 (pristine Jurassic-aged MORB glass) to 0.78 with increasing extent of alteration. We find that 
68–95% of the O2 added to the subducting crust by sedimentation, in situ alteration of basaltic crust on 
the seafloor, and serpentinization of the mantle lithosphere is not output by Mariana arc or back-arc 
magmas. This result demonstrates that significant amounts of oxidized materials from Earth’s surface are 
transported into the deeper mantle beyond subduction zones, despite the production of oxidized arc and 
back-arc basalts, and may contribute to elevated oxygen fugacities recorded by ocean island lavas such 
as Iceland and Hawaii. This oxygen cycle is likely to have been operating at least for the past 400–800 
million years, and potentially for the duration of plate tectonics.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Surface materials are physically mixed into the mantle at con-
vergent margins, and the extent to which these materials are 
returned to the surface in subduction zone volcanism is criti-
cal to understanding the impact of subduction on the composi-
tion of Earth’s mantle on geological timescales. The subduction 
of oxidized materials and the potential link to the oxidized na-
ture of subduction zone volcanism has been recently debated. 
Sediments containing organic (reduced) and inorganic (oxidized) 
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carbon are deposited on the seafloor as it ages. Ferric-iron bear-
ing phases such as celadonite and Fe-oxyhydroxides and ferrous-
iron bearing phases such as saponite and pyrite precipitate within 
the basaltic crust due to interactions between silicate rocks and 
oxic seawater (Alt and Teagle, 2003; Lecuyer and Ricard, 1999;
Rouxel et al., 2003). Ferrous iron-bearing phases such as olivine 
and pyroxene are replaced with ferric iron-bearing phases such as 
magnetite and serpentine-group minerals during serpentinization 
of ultramafic rocks (Andreani et al., 2013; Marcaillou et al., 2011;
Klein et al., 2009). Eventually, these lithological signatures of the 
oxic and wet conditions at Earth’s surface subduct at convergent 
margins. There is general agreement that aqueous fluids and sil-
icate melts emanating from subducting slabs play a fundamental 
role in setting the trace element and isotopic compositions of 

https://doi.org/10.1016/j.epsl.2019.115859
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:maryjo.brounce@ucr.edu
https://doi.org/10.1016/j.epsl.2019.115859
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2019.115859&domain=pdf


2 M. Brounce et al. / Earth and Planetary Science Letters 528 (2019) 115859
arc lavas globally (e.g., Morris and Tera, 1989; Plank and Lang-
muir, 1998; Elliott et al., 1997). Additionally, arc basalts have 
a higher proportion of Fe3+ relative to mid-ocean ridge basalts, 
and this may be linked to the potential of the oxidized phases 
contained within subducting slabs to influence the availability of 
oxygen in aqueous fluids and silicate melts derived from them 
during subduction (e.g., Brounce et al., 2014; Evans, 2012; Kelley 
and Cottrell, 2009; Mungall, 2002; Parkinson and Arculus, 1999;
Wood et al., 1990). However, the mechanisms and efficiency of the 
transfer of oxygen from specific phases contained in seafloor sedi-
ments, altered oceanic crust, and mantle lithosphere to primary arc 
magmas are difficult to assess directly due to the nature of mate-
rial mixing at the slab surface-mantle wedge interface. Estimates of 
the fluxes of Fe3+ , S6+ and C4+ have been calculated from glob-
ally averaged plate rates and compositions, finding that subduction 
zone recycling of oxidized materials back to the surface in arc vol-
canism is generally inefficient, and leads to a net influx of oxidized 
materials into the deep mantle on geological time scales (Lecuyer 
and Ricard, 1999; Hayes and Waldbauer, 2006; Evans, 2012). The 
inefficiency of recycling oxidized materials at subduction zones has 
also enabled recent hypotheses that oxidized, altered oceanic crust 
in the Hawaiian, Icelandic, and Erebus mantle plumes contribute 
to the production of lavas with elevated Fe3+/�Fe ratios rela-
tive to mid-ocean ridge basalts (MORB; Moussallam et al., 2014;
Moussallam et al., 2016; Brounce et al., 2017; Helz et al., 2017;
Shorttle et al., 2015).

The expected magnitude of the deep subduction of surface-
derived oxygen may be subtle on the basis of mass balance ar-
guments (e.g., Sleep et al., 2012), or a significant mechanism for 
buffering surface pO2 on 10 s of million of years timescales (e.g., 
Lecuyer and Ricard, 1999; Evans, 2012; Duncan et al., 2017). How-
ever, globally averaged constraints such as those presented by 
Lecuyer and Ricard (1999) and Evans (2012) potentially obfuscate 
the relationships between atmospheric pO2 and solid Earth f O2. 
For example, subduction zones that are active today vary widely in 
the composition and flux of sediments being recycled, the age and 
extent of alteration of oceanic crust being subducted, the extent of 
serpentinization of the underlying lithosphere, the extent to which 
sediments and oceanic crust are returned to the arc crust during 
subduction, and the composition and flux of material erupted at 
arc volcanoes. A globally averaged balance of the inputs and out-
puts of O2, Fe3+ , C4+ , and/or S6+ to the Earth’s mantle thus has 
large uncertainties. Establishing quantitative links between direct 
measurements of the altered, subducting crust, mantle lithosphere, 
and sediments and the magmas emplaced in the arc and back-arc 
crust in a single, end-member convergent margin system, however, 
provides a unique constraint on the efficiency of elemental transfer 
within a modern subduction zone. In addition, recent constraints 
on the effects of low pressure differentiation on the Fe3+/�Fe
ratios of erupted arc and back-arc basalts (Brounce et al., 2014;
Kelley and Cottrell, 2012) present the opportunity to incorporate 
firm constraints on the oxidation state of Fe in primitive subduc-
tion related basalts into mass balance calculations of this kind for 
the first time at a specific arc.

Here, we present measurements of the Fe2+O abundance in 
lithologies representative of inputs to the Mariana convergent mar-
gin, determined by whole-rock wet chemistry, in order to con-
strain the bulk oxidation state of material entering the subduc-
tion zone. We pair these new data with previously collected ma-
jor element concentrations on the same samples (Fisk and Kel-
ley, 2002; Kelley et al., 2003) to calculate Fe3+/�Fe ratios (i.e., 
Fe3+/[Fe2+ + Fe3+]), as well as with previously reported mea-
surements of organic carbon to carbonate (Lancelot et al., 1990;
Sadofsky and Bebout, 2004), and sulfide to sulfate (Rouxel et al., 
2008) on samples from the same locations. These data constrain 
the proportion of oxidized Fe, S, and C in the subducting sed-
iment and the extent to which their net oxidation states have 
changed during sedimentation and alteration of oceanic crust. We 
demonstrate that post-eruptive alteration elevates Fe3+/�Fe ratios 
in basaltic oceanic crust and that this alteration persists uniformly 
to 500 m depth into igneous basement, consistent with previ-
ous work in obducted ophiolite terranes (e.g., Gillis and Robinson, 
1990). In the absence of recovered materials from the mantle litho-
sphere portion of the Pacific plate, we combine our measurements 
from ODP 801 materials with the average abundance of oxidized 
Fe, S, and C in serpentinized peridotites from Evans (2012) and es-
timates of the extent of serpentinization of the Pacific plate from 
Cai et al. (2018). We use the values of Evans (2012) and those cal-
culated here to calculate a mass balance for Fe3+ , S6+ , and C4+ , 
and the equivalent O2 bound to these cations (i.e., the O2 nec-
essary to form Fe2O3, SO4

2− , and CO3
2−) through the Mariana 

subduction system (Fig. 1), in order to determine the efficiency 
with which the oxidized state of a subducting slab passes through 
the subduction filter.

2. Methods

2.1. ODP Site 801 materials and sample selection for this study

Ocean Drilling Program Site 801 sits east of the Mariana sub-
duction zone in Pacific plate that will eventually be consumed 
by subduction at the Mariana trench. As such, it represents the 
crustal inputs to the Mariana subduction zone and has been estab-
lished as a geochemical reference site for the Mariana arc (Kelley 
et al., 2003; Plank et al., 2000). Drilling during ODP Legs 129 
and 185 recovered 465 m of sediment and the upper 470 m of 
170 my old altered, basaltic oceanic crust (Lancelot et al., 1990;
Plank et al., 2000; Fig. 1). Kelley et al. (2003) and Plank et al.
(2000) report major and trace element geochemistry of powdered 
samples of sediment, altered oceanic crust, and mixed composite 
powders recovered from ODP Site 801.

The basal sediments recovered from ODP Site 801 are composed 
of radiolarite and siliceous claystones, overlain by brown radiolarite 
and manganiferous dark brown chert. These sedimentary units are 
overlain by pervasively altered volcaniclastic turbidites that con-
tain secondary mineralization composed of smectites, celadonite, 
clinoptilolite, phillipsite, analcime, calcite, and quartz. This is over-
lain by brown chert and porcellanite, and the section is capped 
with zeolitic pelagic brown clay (Karpoff, 1992; Fig. 1). Basalts re-
covered at ODP Site 801 are 10–20% recrystallized via alteration; 
alteration products consist saponite, calcite, celadonite, iron oxy-
hydroxides, and pyrite (Alt and Teagle, 2003).

We selected powders of each major sedimentary and altered 
oceanic crust lithology from Site 801. Though the number of sam-
ples analyzed in this study is small relative to the heterogeneity 
of core materials, we believe that these samples represent each 
major unit that is well-defined geochemically and lithologically 
(e.g., Plank and Langmuir, 1998). For each selected sample, splits 
were taken from the exact powder samples that had previously 
been measured for major and trace element chemistry (Kelley et 
al., 2003; Plank et al., 2000). We present measurements of 9 sed-
iment samples (pelagic clays, chert, porcellanite, radiolarite, vol-
canic turbidite), 8 variably altered MORBs (from fresh pillow glass 
to pervasively altered), 1 hydrothermal deposit, 2 iron oxide veins, 
2 hyaloclastites, and 8 mixed composite powders from the sedi-
ment and upper 500 m of altered oceanic crust. The composite 
powders are physical mixtures of discrete materials from the re-
covered core (Kelley et al., 2003). Individual samples were mixed 
in proportions equal to their abundance in recovered cores and 
thus serve as single reference powders for portions of the Site 801 
core. These composite powders were designed to characterize large 



M. Brounce et al. / Earth and Planetary Science Letters 528 (2019) 115859 3
Fig. 1. Location map for samples used in this study. Blue circles mark the position of Mariana arc volcanoes, from which the Fe3+/�Fe ratios of both melt inclusions and 
submarine glasses were used to constrain the flux of Fe3+ out of the volcanic arc (Brounce et al., 2014). The dark gray circles mark the position of submarine glass samples 
that were used to constrain the flux of Fe3+ out of the back-arc (Brounce et al., 2014). The position of ODP Site 801 is marked with the white star. The basemap was created 
using GeoMapApp (Ryan et al., 2009). (For interpretation of the colors in the figures, the reader is referred to the web version of this article.)
sections of the basement crust, maximizing the number of analy-
ses that could be performed on a single representative sample. We 
take advantage of that approach here by layering on new measure-
ments of Fe2+O.

2.2. Analytical methods for microcolorimetry

We determined Fe2+O concentrations in selected rock and sedi-
ment powders following the micro-colorimetric methods described 
by Wilson (1960) and Carmichael (2014). Analyses of these USGS 
standards never deviated from the certified Fe2+O content by more 
than 0.46 wt% (absolute) for the lowest Fe2+O standard (QLO-1, 
2.97 wt%) and by 0.27 wt% (absolute) for the highest Fe2+O stan-
dard (BCR-1, 8.8 wt%; Table 2). The detection limit for this proce-
dure is conservatively estimated to be 0.25 wt% Fe2+O.

3. Results

Analytical results are presented in Tables 1 and 2. Pristine glass 
chips with no sign of devitrification or alteration from ODP Site 
801, measured by XANES (Brounce et al., 2015), have the same 
Fe3+/�Fe ratios as modern MORB glass (∼0.14; Cottrell and Kel-
ley, 2011; Zhang et al., 2018), indicating that before alteration, the 
igneous basement had a similar bulk redox state to modern MORB 
and that the upper mantle source of Pacific Ocean spreading cen-
ters has not varied significantly from the Jurassic to present day. 
Whole-rock basalts described as “minimally altered” by the science 
party at the time of drilling (Kelley et al., 2003) are more oxidized 
(0.29–0.46 Fe3+/�Fe; Fig. 2), which demonstrates that even minor 
alteration can oxidize Fe in basaltic rocks. The oxidation state of Fe 
increases with increasing extent of alteration (0.47–0.78 Fe3+/�Fe
in samples described as pervasively altered; Kelley et al., 2003) 
and the samples that include iron oxide veins, alteration halos, 
and celadonite contain mostly Fe3+ (0.69–0.95 Fe3+/�Fe; Fig. 2). 
The overlying sediments are oxidized (0.69–0.95 Fe3+/�Fe). Some 
of these sediment samples have low FeO* (i.e., total Fe expressed 
as FeO) that when combined with their bulk oxidation state, re-
flect low Fe2+O concentrations which likely approach the detection 
limit of the wet chemical methods used here (0.25 wt% Fe2+O; 
Table 1, Fig. 2). The range in Fe3+/�Fe ratios span the value ex-
pected from melting of the upper mantle (∼0.14) to almost en-
tirely comprising Fe3+ (∼0.95), demonstrating that although the 
total number of samples measured is small, we have captured the 
full range of possible values. Two black arrows on Fig. 2 show the 
Fe3+/�Fe ratios of composite powders. The 801 Super Composite, 
intended to represent the bulk composition of the upper 500 m 
of altered oceanic crust at Site 801, has an Fe3+/�Fe ratio of 0.51. 
We note that the oxygen isotope compositions reveal that the 801 
Super Composite powder contains a higher proportion of interflow 
sediment materials than may be present in the cored materials 
(Alt and Teagle, 2003), but the broad consistency between the av-
erage Fe3+/�Fe ratios of discrete samples and that of 801 Super 
Composite powder indicates that this does not impact Fe3+/�Fe
significantly. The 801 SED composite, made up of representative 
interflow material within the altered oceanic crust at Site 801, has 
a lower Fe3+/�Fe ratio than the range observed for true sedi-
ment materials in the overlying sediment package (0.67, Fig. 2). 
The other MORB composite powders, mixed to represent specific 
depth intervals, have a small range from 0.51–0.52 Fe3+/�Fe (Ta-
ble 1). This constancy demonstrates that, at a minimum, the up-
per 500 m of igneous basement at ODP Site 801 has been af-
fected by alteration reactions that increase the Fe3+/�Fe ratios of 
bulk oceanic crust over the original igneous value. Two compos-
ite powders from a massive alkali basalt flow (Top Alkali Basalt, 
TAB-FLO; Kelley et al., 2003) and the highly altered interflow ma-
terial associated with that flow (TAB-VCL; Kelley et al., 2003) have 
Fe3+/�Fe ratios of 0.40 and 0.38, respectively. These units are 
younger than the MORB tholeiites (157 Ma for TAB vs. 165–170 
Ma for MORB; Fisk and Kelley, 2002) and not thought to be rep-
resentative of normal MORB oceanic crust. As a result, they may 
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Table 1
Fe redox analyses for ODP Site 801 discrete samples and composite powders.

Sample Meters below 
seafloor

Unit description Fe2+O
(wt%)

FeO∗
(wt%)a

Fe3+/�Fe Fe3+/�Fe
(Rouxel et al., 
2003)

Discrete 801 powders
801A3R2-145 15 pelagic clay below detection 6.60 >0.99
801A5R3-145 36 pelagic clay below detection 5.43 >0.99
801A8R1-1 60.6 chert below detection 0.27
801A17R1-28 147.5 porcellanite 0.99 3.24 0.69
801A19R1-65 167 volcanic turbidite 1.13 5.78 0.80
801B5R2-0 225 volcanic turbidite 2.19 8.91 0.75
801B25R1-49 397.7 radiolarite 0.18 1.98 0.91
801B33R1-143 436 radiolarite 0.64 6.54 0.90
801B35R3-19 455.5 radiolarite + claystone 0.34 8.82 0.96
801B37R1-36 461.9 uppermost basalt, pervasively altered 0.76 3.52 0.78
801B41R1-26 483.3 minimally altered basalt 6.10 9.59 0.36
801B43R1-132 493.5 minimally altered basalt 6.13 11.25 0.45
801B43R3-111 496.1 minimally altered basalt 3.90 7.21 0.46
801C4R1-72 522.4 hydrothermal deposit 0.53 11.50 0.95 >0.99
801C5R1-95a 532.2 pervasively altered basalt with celadonite 0.97 5.35 0.82 0.88
801C15R7-31 621.7 bleached basalt 2.44 5.05 0.52 0.67
801C19R2-24a 653.4 hyaloclastite 2.16 11.33 0.81
801C24R1-46 691.8 pervasively altered basalt 7.20 13.59 0.47
801C30R1-111a 748.4 minimally altered basalt 9.21 13.83 0.33
801C31R4-43 761.0 minimally altered basalt 9.72 13.67 0.29
801C34R1-93a 786.2 iron oxide vein, alteration halo 6.81 14.11 0.52
801C38R3-53a 826.3 hyaloclastite and pillow margin 4.74 15.42 0.69
801C52MI47a 933.3 minimally altered basalt 7.44 12.29 0.39

Composites (Kelley et al., 2003)
801SED interflow sediments in igneous basement 2.91 8.75 0.67
801SUPER bulk composition of altered igneous crust 6.01 12.34 0.51
801TAB-VCL alkali basalt volcaniclastic sediments 3.97 6.43 0.38
801TAB-FL0 alkali basalt flow 5.36 8.95 0.40
801TAB0-50 bulk composition of top 50 m of alkali basalt 4.92 8.35 0.41
801M0RB0-110 bulk composition of top 110 m of MORB 5.56 11.45 0.51
801M0RB110-220 bulk composition of MORB 110–220 m 6.02 12.35 0.51
801M0RB220-440 bulk composition of MORB 220–440 m 6.24 13.10 0.52

a Total Fe expressed as FeO*, from Kelley et al. (2003).
Table 2
Fe2+O(actual) for USGS standard powders.

Standard Fe2+O(actual)
(wt%, 
measured)

Fe2+O(actual)
(wt%, 
published)

QLO-1 3.26 2.97
1σ 0.18
n 6
BCR-1 8.87 8.80
1σ 0.20
n 5
BIR-1 8.72 8.34
1σ 0.10
n 7

have had a different starting Fe3+/�Fe ratio than MORB tholeiites 
and potentially different alteration histories (Kelley et al., 2003;
Plank et al., 2000).

4. Discussion

In order to assess the efficiency of recycling of oxidized com-
ponents in the Mariana subduction system, we first calculate the 
average concentrations of Fe3+ , S6+ , S2− , and C4+ present in ODP 
Site 801 sediments and altered oceanic crust, as well as in pristine 
mid-ocean ridge, arc and back-arc basalts, using data presented 
in this study, recent Fe-XANES studies (e.g., Brounce et al., 2014;
Brounce et al., 2015; Cottrell and Kelley, 2011; Zhang et al., 2018), 
and other publications measuring the same or similar materials 
(Lancelot et al., 1990; Karpoff, 1992; Rouxel et al., 2008). With 
these average concentrations, and those reported by Evans (2012)
for serpentinized peridotite, we calculate the mass fluxes of each 
species into and out of the mantle as the result of sedimentation 
and alteration of the seafloor at Earth’s surface, as well as due to 
mid-ocean ridge, arc and back-arc volcanism. For each mass flux, 
we calculate the oxygen equivalent mass flux as O2 to balance S6+
as SO4

2− , C4+ as CO3
2− , and Fe3+ as Fe2O3 on the basis of sto-

ichiometry. Finally, through comparison of the calculated oxygen 
fluxes in each setting (i.e., mid-ocean ridge, arc, and back-arc vol-
canism; subduction of altered crust, seafloor sediments, and man-
tle lithosphere) we constrain the flux of oxygen into the Pacific 
plate during sedimentation and alteration on the seafloor, and the 
flux of that surface-derived oxygen into the deep mantle after shal-
low recycling at the Mariana subduction zone.

4.1. Oxidized sediments and oxidation of basaltic crust

The iron in the pelagic/biogenic sediments is predominantly 
present as ferric iron (Table 1). These units are also dominated by 
carbonate, with the exception of the topmost pelagic clay section, 
which has abnormally high organic carbon concentrations that is 
not representative of the organic carbon contents of seafloor sed-
iments in the western equatorial Pacific (Lancelot et al., 1990). 
This high organic carbon measurement will not be considered 
in the calculations described below. Instead, we use organic car-
bon contents reported for Site 801 and nearby Site 800 (Sadofsky 
and Bebout, 2004; Table 3). The pelagic sediments are also dom-
inated by sulfate (Alt and Burdett, 1992; Table 3). In the vol-
canic turbidite sections, it is clear that the alteration reactions 
that lead to the precipitation of ferric iron-bearing smectite min-
erals and celadonite dominate the effect of alteration on the bulk 
oxidation state of iron in the sample, evidenced by the elevated 
Fe3+/�Fe ratio of the samples studied here (Table 1, Fig. 2). Car-
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Fig. 2. The Fe3+/�Fe ratios of materials in this study (brown, green, orange, and blue circles). Top panel: boxes show the range in Fe3+/�Fe ratios observed for materials 
of each type. Arrows point to constraints for the 801 Super Composite and average sediments (this study), average primary mantle melts for back-arc basin (Brounce et al., 
2014), arc basalts (Brounce et al., 2014), and MORB (Zhang et al., 2018). Bottom panel: The Fe3+/�Fe ratios from measurements of discrete samples versus their position 
in the drill core. Colored circles correspond to the labels in the top panel (white = pristine MORB; blue = minimally altered basalts; orange = pervasively altered basalt; 
green = alteration products; brown = sediments). The x symbols represent the Fe3+/�Fe ratios determined on materials from the same core by Rouxel et al. (2003), for 
comparison. Two samples that measured here and by Rouxel et al. (2003) are connected via a black tie-line. The white circles show the Fe3+/�Fe ratios of two pristine 
MORB glass chips, determined via Fe-XANES (Brounce et al., 2015).
bonate dominates over organic carbon in the remainder of the 
sediments (Lancelot et al., 1990), and though sulfide proportions 
increase slightly in the volcanic turbidite and radiolarite sections, 
these sediments remain dominated by sulfate. The total sulfur con-
centrations of any sediment unit recovered from Site 801 remain 
well below 1 wt%, and typically fall between 20–2000 ppm to-
tal sulfur (Alt and Burdett, 1992; Table 3). In the basaltic section 
of ODP Site 801, ferric iron-bearing celadonite and iron oxyhy-
droxide are precipitated in alteration halos as the result of sea-
water circulation through fractures in the oceanic crust (Alt and 
Teagle, 2003). Ferrous iron-bearing saponite and pyrite are also 
precipitated along fractures in zones of restricted seawater cir-
culation, but results from this study indicate that the net result 
of alteration on the seafloor is to oxidize Fe and increase the 
Fe3+/�Fe ratio of the seafloor sediments and oceanic crust por-
tions of the seafloor (Fig. 2). Altered basalts also have >1000 ppm
carbonate, which is elevated over the ∼100–300 ppm CO2 of 
partially degassed mid-ocean ridge magmas (Saal et al., 2002;
Le Voyer et al., 2017; Table 3). Sulfur contents of the altered por-
tions of the oceanic crust are both elevated and depleted relative to 
fresh basalt such that the average, or “bulk” altered oceanic crust 
at Site 801 has similar total sulfur contents as fresh basalt (Rouxel 
et al., 2008; Table 3).

4.2. Mass balance

In order to assess the fate of these oxidized components, we 
present a mass balance calculation for Fe3+ , C4+ , and S6+ through 
the Mariana subduction system, using data presented here and in 
previously published work (Brounce et al., 2014, recalibrated ac-
cording to Zhang et al., 2018; see supplement). Implicit in such 
a calculation is the assumption that Fe3+ , C4+ , and S6+ are con-
served elements, i.e., there is a fixed concentration of each element 
that is redistributed during subduction and its valence state does 
not change. This is likely not the case. Iron can change oxida-
tion state amongst Fe0, Fe2+ , and Fe3+ in solid Earth materials 
depending upon the composition (including the oxygen fugacity) 
of the system. Similarly, carbon can exist as C4− (i.e., organic car-
bon) to C4+ (i.e., carbonate), and sulfur occurs predominantly as 
S2− or S6+ . Materials in subducting slabs, the melts and fluids that 
come off of the slab during subduction, the mantle wedge, melts 
of the mantle wedge, and the upper mantle under ocean islands 
all may exist in a range of f O2 where Fe2+ , Fe3+ , S2− , S6+ , C4− , 
and C4+ coexist and electronic exchange can take place between 
the elements in order to satisfy the f O2, P, T, and compositional 
constraints on the system. Though Fe3+ , C4+ , and S6+ are useful 
tracers for oxygen uptake in altered oceanic crust, one or more of 
these species in fixed quantities are not necessarily mobilized from 
the slab to the wedge when the fluids or melts are released from 
the slab. In other words, the portions of the mantle wedge that 
are impacted by recycling materials from the subducting slab are 
an open system to oxygen. It is not clear at this time which specific 
phases are mobilized during subduction that translate this oxygen 
potential (e.g., it could be aqueous S6+; Kelley and Cottrell, 2009; 
Gaillard et al., 2015, or Fe3+; Mungall, 2002; or even S2−; D’Souza 
and Canil, 2018). For this reason, we calculate the O2 necessary to 
balance Fe3+ as Fe2O3, C4+ as carbonate, and S6+ as sulfate. We 
include this O2 calculation as part of the mass balance calculations 
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below. Specific values used in these calculations, as well as the re-
sults of these calculations, are displayed in Table 4.

4.2.1. Abundance of ferric iron, carbonate and organic carbon, and 
sulfide and sulfate in Pacific oceanic crust, mantle, and seafloor 
sediments

To calculate the Fe3+ content of material entering the mantle at 
the Mariana subduction zone, we take the lithologically weighted 
average Fe3+/�Fe ratios and FeO* concentrations of discrete sed-
iment samples from Site 801 (see supplement) and altered crust 
of the 801 Super Composite to represent the Fe3+/�Fe ratios of 
bulk sediment and the upper 470 m of bulk altered oceanic crust, 
respectively, in the Pacific plate prior to subduction. We use an 
average measured sediment porosity of 24% (after Kelley et al., 
2005). We assume that the ∼6.5 km of underlying dike and gab-
bro units are unaltered (Alt et al., 1986), that the dike units have 
Fe3+/�Fe ratio and FeO* equal to that of pristine MORB glass from 
ODP Site 801, and that the gabbro and dike units should have 
Fe3+/�Fe ratio and FeO* that sum to that of a primary melt of 
the ODP Site 801 glass that represents the dike units. We calcu-
late this primary melt composition by adding olivine back to the 
composition of sample 801C-28R2-118 (Brounce et al., 2015) until 
it is in equilibrium with Fo90 olivine using an FeO/MgO KD of 0.3. 
These constraints yield a calculated Fe3+/�Fe ratio for the whole 
crust of 0.143 (altered crust + dikes + gabbros), which is slightly 
below estimates from Lecuyer and Ricard (1999; 0.16–0.20). We 
use Fe3+/�Fe ratios and FeO* from Evans (2012) for serpentinized 
mantle lithosphere. From seismic observations of the Pacific plate 
near the Mariana trench, we assume that serpentinization extends 
to at least 24 km depth from the Moho within the plate (Cai et 
al., 2018). The degree of serpentinization over this interval is un-
certain; we use a conservative estimate for the entire interval of 
10%.

The total input flux of Fe3+ to the Mariana trench from the sub-
ducting sediments, altered oceanic crust, and mantle lithosphere 
can then be calculated following the methods outlined by Kelley 
et al. (2005) and Lecuyer and Ricard (1999), using the equation:

Fin =
∑

zi ∗ ρi ∗ vi ∗ [Fe3+]i (1)

where zi is the thickness of layer i, ρi is the density of layer i, vi is 
the convergence rate (5.475 cm/yr; Kato et al., 1998), and [Fe3+]i
is the concentration of Fe3+ calculated from Fe3+/�Fe ratios de-
termined here for layer i (see Table 4). Summing over each layer 
yields a total input flux for Fe3+ of 274 kg/yr/cm arc length, or 
118 kg/yr/cm arc length equivalent O2 (Table 4). A significant por-
tion of this comes as the result of oxidation on the seafloor, so we 
also calculate the Fe3+ content of pristine MORB to estimate how 
much of this input flux was generated at the mid-ocean ridge and 
how much is the result of alteration. We use the same constraints 
for the dike and gabbro units as above, except that we treat the 
altered igneous basement layer from ODP Site 801 as an unaltered 
basalt unit with Fe3+/�Fe = 0.151 (Brounce et al., 2015), and as-
sume that prior to being infiltrated with or exposed to seawater, 
the mantle lithosphere is not serpentinized.

Assuming a crustal production rate at mid-ocean ridges equal 
to the rate of subduction, we estimate that pristine MORB has an 
output flux of 129 Fe3+ or 55 O2 (kg/yr/cm arc length, Fig. 3). The 
difference in the fluxes for altered Pacific plate and pristine MORB 
(145 Fe3+ , or 62 O2 kg/yr/cm arc length) represents the total 
amount of Fe3+ produced as the result of alteration on the seafloor 
and the deposition of seafloor sediments on top of the oceanic 
crust between the time the lithosphere formed and the time that 
the slab will be subducted (Table 4). About 9% of the value of this 
flux derives from the sediment column, 17% is contributed from 
the 470 m of altered basaltic crust, and the remaining 74% from 
the serpentinized mantle lithosphere.
Table 3
Calculated carbon and sulfur contents of ODP 801 materials.

Thickness 
(m)

S6+
(ppm)a

S2−
(ppm)a

Pelagic clay 60.6 1795 5
Porcellanite and chert 106.4 0 0
Volcaniclastic sediments 230.7 313 83
Radiolarite 64.2 490 10

weighted averagee 460 37

Thickness 
(m)

S6+
(ppm)b

S2−
(ppm)b

Altered oceanic crust 471.3 1047 1003
801 Super Composite 257 662

Thickness 
(m)

C4+
(wt%)c

C4−
(wt%)c

Pelagic clay 60.6 1.80 0.06
Porcellanite and chert 106.4 0.14 0
Volcaniclastic sediments 230.7 0.45 0
Radiolarite 64.2 0.02 0

0.99 0.01

Thickness 
(m)

C4+
(wt%)d

C4−
(wt%)d

Altered oceanic crust 471.3 0.63 0.00

*For the majority of studies referenced in footnotes a–d, those studies have no mea-
sured the same samples from this study. However, all studies report measurements 
of the main lithologies present in each section of Site 801 core and we take those 
measurements as representative of the lithologies studied here, and conclude that 
they are comparable.

a Data from Alt and Burdett (1992), Table 2.
b Data from Rouxel et al. (2008), Table 1.
c Data from Lancelot et al. (1990), Table 3, p. 111 and Sadofsky and Bebout

(2004).
d Data from Floyd and Castillo in Lancelot et al. (1990), Tables 3 and 4.
e Weighted averages are calculated by multiplying the average concentrations of 

indicated species reported for the indicated layers reported by the studies indicated 
in footnotes a–d by the thickness of each layer.

Previous global estimates attribute a higher proportion of the 
total surface oxidation to altered oceanic crust (93%; Lecuyer and 
Ricard, 1999). The most important difference between that study 
and this and the work of Evans (2012) is that Lecuyer and Ri-
card (1999) did not consider serpentinized mantle lithosphere. 
Other, smaller differences reflect the range in possible subduction 
configurations: the Marianas represents an end-member style of 
subduction in that there is a thick sediment package that is fully 
subducted. Evans (2012) attributed a lower proportion of the total 
surface oxidation to serpentinized mantle lithosphere. This high-
lights (a) the magnitude of the uncertainty in the extent of ser-
pentinization in downgoing slabs, and (b) the extent of variability 
that can be expected in terms of the input flux of surface derived 
materials to the mantle at subduction zones.

The same calculations can be done for carbonate, organic car-
bon, sulfide, and sulfate contained in the sediments and crust. 
To calculate the concentrations of each species in the sediment 
column entering the mantle at the Mariana subduction zone, we 
take the average concentrations of each species from discrete 
sediment samples in the same way as for Fe, using data from 
other studies (organic carbon, carbonate from Lancelot et al., 1990;
Sadofsky and Bebout, 2004; sulfate and sulfide from Alt and 
Burdett, 1992). For the sediment column, this approach yields 
weighted averages of 0.99 wt% carbonate, 0.25 wt% organic car-
bon, 37 ppm sulfide, 460 ppm sulfate (Table 3). For sulfur, we 
use measurements of the 801 Super Composite powder (Rouxel 
et al., 2008; Table 3) to represent the upper 470 m of bulk al-
tered oceanic crust (note that this value of sulfate is likely to be 
a maximum estimate due to post-recovery oxidation; reassigning 
the sulfate to sulfide has a negligible effect on the calculations 
presented here). For carbon, in the absence of measurements of 
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Fig. 3. (a) A diagram of the sum of O2 (from Fe, S, and C) fluxes calculated here. The output of O2 from the mantle as the result of the production of pristine MORB represents 
mantle-derived O2. The input of O2 to the mantle at subduction zones, in the form of altered oceanic crust, seafloor sediments, and serpentinized mantle lithosphere reflects 
O2 from the mantle output at MORB plus additional, surface-derived O2. The output of O2 at arc and back-arcs reflect O2 contributions from the mantle wedge, plus O2

derived from the subducting slab (which itself contains O2 from the surface and O2 from the MORB mantle). The deep mantle O2 input reflects the difference between the 
O2 input at the subduction zone and the O2 output at the arc and back-arc, and reflects contributions from surface-derived O2 and MORB mantle-derived O2. (b) the same 
as (a) but tracing only surface-derived oxygen, i.e., the O2 acquired by the Pacific plate during sedimentation and alteration.
the 801 Super Composite powder, we take the same approach as 
for the sediments, and calculate a weighted average from reported 
measurements of individual lithologies (Floyd and Castillo, 1992; 
Table 3). For the dike and gabbro layers, we assume that these 
rocks are unaltered and contain no organic carbon or sulfate, and 
have carbonate and sulfide contents that sum to the concentrations 
dissolved in the same primary mid-ocean ridge mantle melt calcu-
lated above, from sample 801C-28R2-118 (Le Voyer et al., in press;
Saal et al., 2002; Mathez, 1976; Table 4). We use values for each 
species from Evans (2012) for serpentinized mantle lithosphere. 
Substituting each species concentration for [Fe3+]i in equation (1)
above, we can calculate total input fluxes, and the equivalent O2
necessary to balance C4+ as CO3

2− and S6+ as SO4
2− . The total in-

put flux for sulfate is <4 S6+ and <7 equivalent O2 kg/yr/cm arc 
length. The total input flux for sulfide is 17 kg/yr/cm arc length, 
organic carbon is 0.86 kg/yr/cm arc length, and carbonate is 20 
kg/yr/cm arc length. The equivalent O2 of the total input CO3

2−
flux is 81 kg/yr/cm arc length. As in the case for Fe, we calculate 
how much of this is due to alteration on the seafloor, and what 
may have been output originally at the mid-ocean ridge by con-
sidering what the “fresh”, unaltered section at Site 801 looked like 
at the time of its creation on the ridge. We assume that unaltered 
oceanic crust contains no organic carbon or sulfate, and carbonate 
and sulfide concentrations equal to those dissolved in a primary 
mid-ocean ridge mantle melt, as above. While high-temperature 
ridge hydrothermal vent systems that are built on the ocean crust 
near spreading ridges precipitate significant quantities of sulfide 
and other reduced materials, site 801 materials show no evidence 
for this style of high-temperature hydrothermal mineralization. 
Thus, we do not consider them in the calculations presented here. 
Using the same procedure described above for iron, we estimate 
that pristine MORB has an output flux of 19 S2− and 11 C4+ (and 
no S6+ , organic carbon; kg/yr/cm arc length). The difference in the 
fluxes for altered Pacific plate and pristine MORB (9.7 C4+ , 0.86 or-
ganic carbon, <4 S6+ , and 0 S2− kg/yr/cm arc length) represents 
the total amount of each species produced as the result of alter-
ation on the seafloor and the deposition of seafloor sediments on 
top of the oceanic crust between the time the crust was created 
and the time that the slab will be subducted (Table 2). For C4+ , 
this represents an uptake of 39 kg/yr/cm arc length equivalent O2
during alteration on the seafloor, about 62% of the contribution 
from the presence of ferric iron. We explored the utility of adding 
Mn to this calculation, assuming that the total concentration of 
Mn in the sediment column is present as Mn4+ oxides that com-
prise manganese nodules, that Mn contained in the mantle and 
in MORB and arc primary magmas is present as Mn2+ , and that 
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altered oceanic crust contains the same amount of Mn2+ as pri-
mary magmas. If we add Mn4+ deposited into seafloor sediments 
from the ocean column, we find that additional ∼0.7 kg/yr/cm
arc length of surface-derived O2 is input into the Mariana subduc-
tion system. This is small, and does not change the findings of this 
study.

4.3. Output of ferric iron and CO2 at the Mariana arc and back-arc

To calculate the output flux of Fe3+ to the Mariana subduc-
tion system, we consider the magmatic output along the arc 
and back-arc. For the volcanic arc, we use an average primary 
melt Fe3+/�Fe ratio of 0.177 and FeO* of 9.1 wt%, calculated 
from Mariana arc basaltic melt inclusions and submarine glasses 
(Brounce et al., 2014). For the back-arc, we use an average pri-
mary melt Fe3+/�Fe ratio of 0.138 and FeO* of 8.13 wt%, calcu-
lated from Mariana trough submarine glass (Brounce et al., 2014;
Kelley and Cottrell, 2009). The output flux can be calculated then 
using the equation,

Fout =
∑

P j ∗ ρ j ∗ [Fe3+] j (2)

where P j is the production rate of crust in setting j (Dimalanta, 
2002; Reymer and Schubert, 1984), ρ j is the density of crust in 
setting j, and [Fe3+] j is the Fe3+ concentration calculated for each 
setting. This yields a range of permissible output fluxes between 10 
and 18 kg Fe3+/yr/cm arc length for the volcanic arc and 20–43 
kg Fe3+/yr/cm arc length for the back-arc spreading center (calcu-
lated using equation (1), as described above for the input flux). The 
range in these values is controlled by the production rate of arc 
and back-arc crust, which varies by a factor of two in both settings, 
and exceeds uncertainty in any other values used here. To calculate 
the output flux of C4+ , S6+ , and S2− to the Mariana subduction 
system, we use estimates of the undegassed carbon and sulfur con-
tents of Mariana arc rocks of between 1000–3000 ppm C4+ , 2000 
ppm S6+ , and no sulfide (Brounce et al., 2014; Wallace, 2005), and 
of Mariana back-arc spreading center rocks of between 1000–2000 
ppm C4+ , 1500 ppm S2− , and no sulfate (Brounce et al., 2014;
Wallace, 2005), and substitute these values for [Fe3+] j in equations 
(1) and (2), as described for Fe. The permissible output fluxes for 
each of these species is listed in Table 4.

In order to determine the subduction efficiency of oxidized ma-
terials, quantifying the contribution to the arc that comes solely 
from the subducted slab (and not from the mantle wedge) is key. 
To do this, we assume that the oceanic upper mantle is homo-
geneous with respect to f O2 and equal to MORB source mantle. 
Primary melts of this mantle have an Fe3+/�Fe ratio = 0.117, in-
dependent of the extent of melting. We also assume that pressure 
of melting is the dominant control on the FeO* content of a pri-
mary mantle melt (Gale et al., 2013; Langmuir et al., 1992), so we 
assign arc and back-arc primary melts the same FeO* contents as 
those calculated above for arc (9.1 wt%) and back-arc (8.13 wt%) 
primary melts. We assign these melts undegassed C contents of 
1000 ppm (Saal et al., 2002; Le Voyer et al., 2017), 1500 ppm S 
as sulfide (Wallace, 2005), and no sulfate. The mantle contribution 
is between 7.4–13 Fe3+ , 0.8–1.4 C4+ , and 1.2–2.1 S2− (kg/yr/cm
arc length) for the arc, and between 19–40 Fe3+ , 2.3–5.0 C4+ , and 
3.5–7.5 S2− (kg/yr/cm arc length) for the back-arc. Independent of 
the mantle contribution, the oxygen output flux from Fe3+ , C4+ , 
and S6+ for arc and back-arc magmatism combined is 5–34 O2
(kg/yr/cm arc length). This represents the proportion of the oxi-
dized signature of Mariana arc and back-arc magmas that cannot 
be accounted for by simple melting of the upper mantle, and thus 
may be sourced from the altered crust and sediments of the Pacific 
plate. When combined with our estimate of the oxygen acquired 
by the Pacific plate during sedimentation and alteration on the 
seafloor, we balance the flux of O2 through the Mariana subduc-
tion system, yielding an excess of 73–102 O2 kg/yr/cm arc length 
(68–95% of surface-derived O2; Fig. 3) that is taken up during 
sedimentation and alteration of the Pacific plate and enters the 
subduction zone, but is not output from the arc or back-arc. Of 
this excess surface-derived oxygen that is subducted into the deep 
mantle, 18% is contained in seafloor sediments, 24% is contained in 
altered oceanic crust, and 58% is contained in serpentinized litho-
sphere. We also point out that even if serpentinized lithosphere 
is left out of the mass balance (e.g., because of the large uncer-
tainties associated with the constraint), the sediments and altered 
oceanic crust portion of the Pacific plate contain enough surface-
derived oxygen (46 kg/yr/cm) to produce the oxidized nature of 
arc basalts, and would leave an excess of 11–41 O2 kg/yr/cm arc 
length (25–89% of surface-derived O2) in the slab as it subducts 
into the deep mantle. Because the present configuration of the 
Mariana subduction system is an endmember configuration, i.e., 
the slab is among the oldest seafloor being subducted today and 
the thick sediment pile is entirely subducted, these calculations 
present the maximum abundance of surface derived O2 into the 
mantle during subduction. We predict that the Cascadia margin, 
where a young slab subducts and some portion of sediments are 
scraped off the slab, carries a lower abundance of surface derived 
O2 into the deep mantle.

4.4. Fate of oxidized materials

There are several possibilities for the fate(s) of the oxidized ma-
terials that are not output in the Marianas subduction system. First, 
the output flux calculation here does not include any output of 
oxidized fluids to the forearc, which is expressed in the Marianas 
through serpentine mud volcanism (Parkinson and Pearce, 1998)
and fluid seeps (O’Hara et al., 2012). This output may be signif-
icant, particularly for carbon (e.g., Kelemen and Manning, 2015). 
Constraining the mass flux in this area is difficult because of the 
heterogeneity of materials coming out (fluids, mud, serpentinized 
xenolith blocks), the lack of redox information for most of these 
samples, and the large uncertainty in how pervasive this activity 
may be in the Mariana forearc. In particular, much of the Mari-
ana seafloor lies below 6500 m water depth, which limits most 
manned and unmanned seafloor exploration, making the geophys-
ical and geochemical condition of the deep ocean basins virtually 
unknown.

Second, it is possible that some or all of the excess Fe3+ , C4+ , 
S6+ , S2− , or O2 is transferred from subducting slabs to the man-
tle wedge and does not contribute to the oxidized nature of arc 
or back-arc magmas, for example, by serpentinizing mantle wedge 
peridotite. This is similarly difficult to assess because of the lack of 
a comprehensive understanding of the mechanisms and pathways 
for material transfer from subducting slab surfaces to volcanic arcs. 
For example, the f O2 recorded by peridotites in the Tonga fore-
arc is highly variable, and increases with increasing signatures of 
slab fluids (Birner et al., 2017), such that the portions of the man-
tle through which slab fluids percolate are oxidized, while other 
portions retain f O2 indistinguishable from peridotites in a ridge 
setting.

A third possibility is that some or all of the excess Fe3+ , C4+ , 
S6+ , S2− , and/or O2 is retained in subducting slabs when it is 
subducted past the subduction systems and into the deep man-
tle. In this case, the excess oxidized signature would suffer the 
same fate(s) of deep subducted slabs, of which there are many 
possibilities. They may be subducted to the transition zone and/or 
the core mantle boundary, where they potentially contribute to 
the sources for mantle plumes. In this scenario, we would predict 
that EM-I, EM-II, or HIMU style plumes may have some portion 
of the return flux of the excess oxidized signatures from subduct-
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ing slabs, because the isotopic signatures of these endmembers 
are hypothesized to be derived from subducted slabs, specifically 
seafloor sediments and/or altered oceanic crust (e.g., Zindler and 
Hart, 1986). If the alteration and oxidized nature of seafloor sed-
iments and altered oceanic crust is the result of high pO2 at 
Earth’s surface, then only mantle plumes containing slabs that 
were at the surface after the Great Oxidation Event (∼2.4 Ga; e.g., 
Lyons et al., 2014), or even later, after the timing of the oxygena-
tion of the deep oceans (400–800 Ma; e.g., Lyons et al., 2014;
Stolper and Keller, 2018) should produce oxidized ocean-island 
lavas today. Note that at this time, serpentinized slab lithosphere, 
the formation of which would not necessitate high pO2 at Earth’s 
surface, is not a leading hypothesis for the identity of EM-I, EM-II, 
or HIMU mantle components. If oxidized surface conditions were 
a prerequisite for generating oxidized OIB, we would expect only 
plumes that incorporate subducted slabs that are younger than 2.4 
Ga, or perhaps only those that are younger than ∼400–800 Ma, 
to contain the oxidized signatures of Earth’s surface environments. 
Icelandic and Hawaiian primary magmas are oxidized and these 
observations have been attributed to presence of recycled slab ma-
terials that are younger than 2.4 Ga in each of the plumes (Brounce 
et al., 2017; Moussallam et al., 2016; Helz et al., 2017; Shorttle 
et al., 2015; McKenzie et al., 2004). Our results support these hy-
potheses in demonstrating quantitatively that altered oceanic crust 
and seafloor sediments contain significant amounts of oxidized 
materials after recycling takes place at subduction zones like the 
Marianas. We hypothesize that plumes with older recycled materi-
als, such as perhaps Samoa and Reunion (e.g., Cabral et al., 2013;
Andersen et al., 2015) will not be as oxidized.

5. Conclusions

We present the Fe3+/�Fe ratios of sediments and altered 
oceanic crust recovered from ODP Site 801 in Jurassic aged Pacific 
plate in order to constrain the bulk oxidation state of materials en-
tering the Mariana subduction system. The overlying sediments are 
oxidized, ranging from 0.69 to >0.96 Fe3+/�Fe, with three sam-
ples below the detection limit for Fe2+ in our analytical procedure. 
In the basaltic crust, minimally altered basalt ranges from 0.29 to 
0.46 Fe3+/�Fe, demonstrating that alteration leads to significantly 
increased Fe3+/�Fe ratios in igneous materials. Pervasively altered 
basalts are even more oxidized, with Fe3+/�Fe ratios from 0.47 to 
0.78. The iron oxide veins, celadonite veins, and alteration halos 
included in these altered basalts range from 0.52 to 0.95 Fe3+/�Fe
ratio. Composite powders meant to be representative of the bulk 
composition of the basement at ODP Site 801 are consistent with 
the Fe3+/�Fe ratios measured on discrete samples. In particular, 
the 801 Super Composite has Fe3+/�Fe equal to 0.51, broadly con-
sistent with the oxidation state of Fe in various levels of altered 
basalts. These data are used to calculate a mass balance of Fe3+ , 
C4+ , S6+ , S2− , and associated O2 through the Mariana subduction 
system. We show that the fluxes of oxidized material into the Mar-
ianas are greater than the flux out of the subduction system along 
the volcanic arc and back-arc, and that 68–95% of the surface-
derived oxygen taken up by the plate is not output back to the 
surface in the Mariana subduction system. Today, surface-derived 
oxygen from sediments (18% of total) and altered oceanic crust 
(24% of total) alone are in excess of arc output such that the Pacific 
plate carries excess oxygen to the deep Earth even when we con-
sider the large uncertainties associated with serpentinized mantle 
lithosphere (58% of total). This indicates that altered oceanic plates 
stored in the mantle on long timescales may retain some oxi-
dized components derived from alteration at Earth’s surface, and 
if present in the mantle sources for some ocean-island volcanoes, 
may contribute to the production of oxidized, primary ocean is-
land magmas. Our mass balance applies to altered oceanic crust 
that was altered at Earth’s surface after the Great Oxidation Event 
(∼2.4 Ga), or perhaps after the oxygenation of the deep oceans 
(400–800 Ma).
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