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Abstract 14 

The redox budget during subduction is tied to the evolution of oxygen and 15 

biogeochemical cycles on Earth’s surface over time. The sulphide-sulphate couple in 16 

subducted crust has significant potential for redox and control on extraction of 17 

chalcophile metals from the arc mantle. We derive oxygen buffers for sulphide-sulphate 18 

stability (‘SSO buffers’) using mineral assemblages in subducted crust within the eclogite 19 

facies, and examine their disposition relative to the fO2 in the arc mantle along various P-20 

T trajectories for subduction. The fO2 required for sulfide stability in subducted crust 21 

passing beneath an arc is shifted by variations in the bulk Ca/(Ca+Mg+Fe ) of the 22 

subducting crust alone. Hotter slabs and more Fe-rich sediments stabilize sulphide and 23 

favour chalcophile sequestration deep into the mantle, whereas colder slabs and calcic 24 

sediment will stabilize anhydrite, in some cases at depths of melt generation in the arc 25 

mantle (< 130 km). The released sulfate on melting potentially increases the fO2 of the 26 

arc mantle. We performed melting experiments on three subducted 27 

sediment compositions varying in bulk Ca/(Ca+Mg+Fe ) from 0.3 to 0.6 at 2.5 GPa  and 28 

900-1100°C to confirm how anhydrite stability can change by orders of magnitude the S, 29 

Cu, As, Zn, Mo, Pb, and Sb contents of sediment melts, and their subsequent liberation to 30 

the arc mantle. Using Cu/Sc as a proxy for the behavior of S, the effect of variable 31 
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subducted sediment composition on sulfide-sulfate stability and release of chalcophiles to 32 

the arc mantle is recognizable in volcanic suites from several subduction zones in space 33 

and time. The fO2 of the SSO buffers in subducted sediment relative to the arc mantle 34 

may have changed with time by shifts in the nature of pelagic sedimentation in the oceans 35 

over earth history. Oxidation of arc mantle and the proliferation of porphyry Cu deposits 36 

may be latter-day advents in earth history partly due to the rise of planktic calcifiers in 37 

the oceans in only the past 250 million years.  38 

 39 

1. Introduction 40 

The upper oceanic crust is overlain by a thin veneer of sediments, the bulk compositions 41 

of which are an integration of weathering, hydrothermal alteration, and biochemical 42 

processes in the oceans. Some chemical components of oceanic sediment are recycled by 43 

subduction into the mantle source region for arc magmas which rise, form new crust that 44 

weathers and erodes, completing the cycle (Tera et al., 1986; Plank 2005). The long-term 45 

impact of subducted sediment is recognizable in the geochemistry of mantle-derived 46 

magmas over time (Collerson and Kamber, 1997; Andersen et al, 2015) and is an 47 

important facet of the geochemical cycles for S, H, and C  (Canfield 2004; Hirschmann 48 

and Dasgupta, 2009). 49 

The recycling of S by subduction is particularly important for biogeochemical 50 

cycles, the history of degassing of magmas, and the transfer of ore metals to the crust. 51 

Oceanic sediment contains significant levels of S (Alt et al, 1992) and its release or 52 

sequestration during subduction may play a role in the redox of arc mantle and magmas 53 

(Evans, 2012), or control the deep earth S cycle over long time scales (Canfield, 2004). 54 

Sulfur isotopes in arc magmas suggest that subducted oceanic sediment is a likely and 55 

significant source for the S enrichment observed in arc magmas (Alt et al, 1993; de Hoog 56 

et al., 2001). Fluids or melt liberated from the subducted crust are efficient vectors for 57 

transport of S into the arc mantle (Evans, 2012; Jego and Dasgupta, 2013; 2014; Tomkins 58 

and Evans, 2015). What is not known, however, is if the recycling and release of S and 59 

other chalcophile elements into the sub-arc mantle is controlled by the parameters of 60 

subduction, or the wide range of possible bulk compositions of oceanic sediments, both 61 

of which vary in modern settings and over geologic time. 62 
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The redox budget of subducted sediment and its potential for oxidation of the arc 63 

mantle is dictated by the abundance and the interplay of S, H, C and/or Fe (Evans, 2012). 64 

Sulfur is the smallest in abundance of these elements in subducting crust, but has a large 65 

oxidation power: one mole of S6+ can oxidize eight moles of Fe2+ to Fe3+. Constraints on 66 

the subduction and release of S inform the debate of how the arc mantle can become 67 

oxidized (Parkinson and Arculus, 1999), or whether the redox state of arc magmas is 68 

imprinted in their source, or a product of their ascent and differentiation (Kelley and 69 

Cottrell, 2012; Lee et al, 2005; 2010). Reducing conditions in oceanic sediment would 70 

stabilize sulphide and sequester S for limited oxidation potential, whereas oxidizing 71 

conditions will stabilize sulphate, possibly causing greater release of S during subduction 72 

and mantle oxidation (Prouteau and Scaillet, 2013). The budget for other ore metals in the 73 

arc setting (Cu, Pb, Zn) would also be controlled by the stability of sulphide, their 74 

primary host (McInnes et al, 1999; Mungall, 2002).  75 

To this end, we first investigate how the bulk composition of oceanic sediments 76 

may control the stability of sulphide and sulphate during subduction. We then performed 77 

melting experiments on different oceanic sediment compositions at slab interface 78 

conditions to examine how the release of S or other chalcophiles is affected by redox 79 

state and sulphide stability, in scenarios where subducted sediments melt. Possible proxy 80 

signals on the cycling of S and chalcophile elements into the arc mantle are made evident 81 

using data from modern arcs in which the history of volcanism and incoming subducted 82 

sediment composition are known. We speculate how the mechanism for S recycling or 83 

arc mantle oxidation may have changed over earth history, due to shifts in the mode of 84 

carbonate sedimentation in the oceans over geologic time. 85 

2. Sulphide - sulphate (SSO) oxygen buffers during subduction 86 

The total bulk composition of a given sedimentary column on the ocean floor 87 

varies broadly between Si-Al-rich or ‘pelitic’ and Ca-Mg carbonate-rich end members 88 

(Fig. 1) depending on sedimentation rate, proximity to continental sources, biological 89 

productivity in the ocean, and the preservation of carbonate or opal (Plank and Langmuir, 90 

1998). The hosts for S in oceanic sediments are sulphate (anhydrite) precipitated from 91 

oxic ocean water and sulphide (pyrite or pyrrhotite) formed hydrothermally or by 92 

biogenic reduction of seawater sulphate (Alt et al., 1993; Canfield, 2004). The 93 
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concentration of sulphide or sulphate in oceanic sediments varies regionally, or even 94 

within the same sedimentary column (Alt and Burdett, 1992). Possible return pathways of 95 

S in these hosts to the mantle during subduction will be controlled by oxidation state 96 

(Prouteau and Scaillet, 2013).  97 

Experiments show that all oceanic sediment compositions, regardless of whether 98 

pelitic or carbonate-rich (Fig. 1), produce an eclogitic assemblage (clinopyroxene + 99 

garnet + quartz/coesite ± phengite ± kyanite) when subducted (Mann and Schmidt, 2015).  100 

To examine and quantify the effect of fO2 on sulphide-sulphate stability in deeply 101 

subducted oceanic crust, we consider buffer reactions involving sulfides, anhydrite and 102 

the eclogite assemblage (clinopyroxene + garnet ±	
 kyanite ± quartz/coesite). The first 103 

two are named  ‘GAP’ (garnet-anhydrite-pyrrhotite):  104 

3FeS + 6O2 + Ca3Al2Si3O12 = 3CaSO4 + Fe3Al2Si3O12    [1] 105 

Po      Gross               Anh      Alm 106 

and ‘CAP’ (clinopyroxene-anhydrite-pyrrhotite): 107 

 2CaAl2SiO6  + FeS + 2SiO2 + 2O2 + = CaFeSi2O6 + CaSO4 + 2Al2SiO5    [2] 108 

Cpx            Po        Qz/Coe         Cpx  Anh     Ky 109 

These can be combined for clinopyroxene+garnet assemblages as ‘GCAP’: 110 

4FeS + 8O2 + 2CaAl2SiO6 + 2SiO2 +  Ca3Al2Si3O12 = 4CaSO4 + Fe3Al2Si3O12 + 111 

CaFeSi2O6 + 2Al2SiO5    [3] 112 

Evidence from blueschists and eclogite terrains suggests the identity of the sulphide 113 

phase can be either pyrrhotite or pyrite during subduction at various metamorphic grades, 114 

though pyrrhotite is more common in metasediments at higher grades (Brown et al, 115 

2014). Substitution of pyrite for pyrrhotite in [2] leads to the ‘CAPY’ reaction 116 

(clinopyroxene-anhydrite-pyrite): 117 

7CaAl2SiO6  + 2FeS2 + 4SiO2 + 7O2  = 2CaFeSi2O6 + 4CaSO4 + 6Al2SiO5    [4] 118 

Cpx         Py       Qz/Coe       Cpx          Anh     Ky 119 

Hereafter, we refer collectively to any of GCAP, GAP, CAP or CAPY [1-4] as the ‘SSO 120 

buffers’ in sediments at eclogite facies conditions. 121 

Experimental data also show that the Ca and Fe components in garnet at eclogite 122 

facies conditions change with the bulk XCa (= molarCa/(Ca+Fe)) of subducted sediment 123 

compositions (Fig. 2). For this reason, the fO2 of the GAP or GCAP buffer [1,3] at a 124 
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given P and T is expected to shift in oceanic sediments as a function of their bulk 125 

composition, due to changing the activities of Fe- and Ca- bearing components in the 126 

garnet phases with bulk composition. A similar shift in the CAP or CAPY [2,4] buffers is 127 

less obvious, however, because experimental data on sedimentary protoliths at eclogite 128 

facies conditions show that in clinopyroxene, the tschermak (CaAl2SiO6 - XCaTs) 129 

component is typically low and varies little (< 0.05), and the hedenbergite (CaFeSi2O6 ) 130 

component is as strongly affected by T as by bulk composition (Fig. 2).  131 

At a given P and T, the fO2 of the SSO buffers in equations [1] to [4] can be 132 

calculated using an internally consistent thermodynamic database for all phases (Holland 133 

and Powell, 2005; Evans et al., 2010). To calculate activities of variable garnet 134 

compositions we applied a non-ideal asymmetric solution model for garnet. For aCaTs and 135 

aHed of clinopyroxene in reactions [2,3,4] a symmetric non-ideal model was used with an 136 

assumed a Margules parameter (WCaTs-Hed) of 25 kJ, similar in magnitude to that 137 

measured for Jadeite - Hed solid solutions (Wood, 1979; Holland, 1990). All other phases 138 

in [1] to [4] were assumed to be pure in composition except pyrrhotite. We assume aPo of 139 

0.875 (Newton and Manning, 2005). The use of either quartz or coesite affects results by 140 

less and 0.1 log fO2 unit. 141 

There are few experimental studies reporting the stability of Po, Py or Anh with 142 

garnet or clinopyroxene at known fO2 with which to test the accuracy of our SSO buffers. 143 

The calculations for the GAP or GCAP buffer [reactions 1,2] can be tested independently 144 

using compositional data for garnet in S-bearing bulk compositions crystallizing Po or 145 

Anh with clinopyroxene+garnet± quartz/coesite. Jego and Dasgupta (2013, 2014) 146 

stabilized either Po or Anh in equilibrium with garnet in hydrous metabasalt at 800 - 147 

1050°C and 2 - 3 GPa. Our GAP/GCAP model reproduces their experimental results to 148 

within 0.5 log fO2 units (Fig 3). Prouteau and Scaillet (2013) partially melted hydrous 149 

pelite and basalt at 800-950°C and 2 – 3 GPa in the presence of garnet± Po or Anh. Our 150 

fO2 values calculated using the GAP/GCAP equilibrium [reaction 1,2] satisfy the stability 151 

of Po in their experiments, but are ~1 log fO2 unit lower than their single experiment 152 

stabilizing Po+Anh. Nevertheless, the fO2 in the experiments of Prouteau and Scaillet 153 

(2013) was estimated using a solution model for H2O in silicate liquids with uncertainty 154 
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of at least ±0.5 logfO2 units. We thus assume our GAP buffer is accurate to ±0.5 log fO2 155 

units. 156 

Application of reactions [1] to [4] to examine sulphide-sulphate stability in 157 

sediments with depth in various bulk compositions also requires knowing the P-T 158 

trajectory of crust during subduction. Subducted slabs can have a range in T at depth 159 

along their interface with the mantle, depending on the rate, geometry and age of 160 

subduction (Syracuse et al, 2010; van Keken et al, 2011).	
  Figure 4 shows	
  temperatures 161 

from thermal models for the top of a slab of young hot crust superimposed on a 162 

compilation of P-T data from eclogites and blueschists produced by subduction. One 163 

conundrum is several of such thermal models are cooler than subduction zone rock 164 

temperatures by 50 – 150ºC depending on pressure (Penniston-Dorland et al, 2015). To 165 

address these differences we assumed three P-T trajectories during subduction for our 166 

SSO buffer calculations. In two cases, we simply fit the middle and extremes in the 167 

blueschist and eclogite P-T array to define the interface of a ‘warm’ and ‘hot’ subducting 168 

slab with depth, respectively (Fig. 4). In a third case we use a ‘hot young slab’ thermal 169 

model (van Keken et al, 2012). 170 

The effect of bulk sediment composition from high XCa ‘carbonate-rich’ to low 171 

XCa ‘pelitic’ on the fO2 of the SSO buffers in reactions [1] to [4] for various slab interface 172 

temperatures is explored by changing the amount of Ca and Fe components in garnet or 173 

clinopyroxene. We varied XCa in garnet from 0.1 to 0.5, and XHed in clinopyroxene from 174 

0.55 to 0.05, respectively - the exact range in composition in these minerals observed in 175 

experiments over the spectrum of XCa in sedimentary protoliths at subduction zone 176 

conditions (Fig. 2). The XCaTs in clinopyroxene was held constant at 0.02, as observed in 177 

most of experiments at temperatures below 1100ºC suitable for most slabs.  178 

Given this variation in garnet and clinopyroxene compositions, the fO2 of the SSO 179 

buffers [1] to [4] along a given P-T trajectory of subduction can be compared to that of 180 

the surrounding overlying arc mantle. We assumed the latter to be at FMQ (at the same P, 181 

T - Fig. 5) as evidenced by the fO2 recorded by most arc mantle peridotites (Parkinson 182 

and Arculus, 1999; McInnes et al, 1999). Although the fO2 of the mantle decreases with 183 

depth (~1 log fO2 unit/GPa – Miller et al, 2016) the latter constraint of FMQ is still 184 

regarded as a minimum for the upper mantle above a subducting plate, as shown by 185 
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garnet peridotites exhumed from >90 km depths in this setting (~FMQ+2  - Malaspina et 186 

al, 2009). In light of the homogenization of fO2 over tens of kilometer scales observed in 187 

metamorphic terrains and orogenic peridotite massifs (Ague et al, 2002; Harlov, 2012; 188 

Woodland et al, 2006) we assume this variable in subducted sedimentary crust 189 

equilibrates with the overlying mantle along the slab interface. If so, then sulphide is 190 

stable in the sedimentary protolith when the fO2 of a given SSO buffer is greater than 191 

FMQ (∆FMQ > 0), and sulphate is stable when ∆FMQ < 0. In our calculations this 192 

sulphide-to-sulphate transition  aries with depth from ~ 110 – 180 km, depending on bulk 193 

sediment composition, slab temperature model, or the particular SSO buffer being 194 

considered (blue shaded area of Figure 5). For reactions [1-4] to ensue would require 195 

introduction of an oxidant to slab sediment, to change or sulphide to sulphate. This would 196 

require reduction of another element in sediment (Fe3+, C4+) or an open system, but seems 197 

plausible given the growing evidence for fluxes of CO2 or SO4 in fluids during 198 

metamorphism both in and outside the subduction zone setting (Ague and Nicolescu, 199 

2014; Harlov, 2012; Pons et al, 2016).  200 

The results for GAP and GCAP buffers (reactions [1,2]) are essentially identical, 201 

and show that for a given P-T trajectory of subduction, sulphide is more stable in low 202 

bulk XCa or ‘pelitic’ sediments throughout much of their subduction into the arc mantle. 203 

Sulphate is the stable phase in these compositions only at depths greater than about 140 204 

km, notably below the range of depths to the slab beneath volcanic fronts in modern arcs 205 

(England and Katz, 2010). In contrast, carbonate-rich oceanic sediments with higher bulk 206 

XCa (Fig. 1) shift the SSO buffers to lower fO2 (Fig. 5a) and stabilize sulphate in 207 

subducted sediment at shallower depths  (110 - 125 km) within the depth region of arc 208 

magma generation. The depth for sulphide-sulphate transition varies with temperature of 209 

the slab and bulk composition. Comparison of Figures 5a and 5b shows that the 210 

‘Vankeken’ and ‘warm’ slab temperature models produce results within uncertainty for 211 

the GAP and CAP buffers. In contrast, for a given SSO buffer, a ‘hot’ subduction zone 212 

stabilizes sulphide relative to sulphate to depths far below those to the slab (and magma 213 

generation) beneath most arc volcanic fronts (Fig. 5c). For a given bulk XCa of the 214 

protolith, the depth at which sulphide becomes unstable relative to sulphate in the CAP 215 

assemblage is slightly less than in GAP. Changing the identity the sulphide phase from 216 
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pyrrhotite to pyrite has a marked effect. The CAPY assemblage stabilizes sulphide (as 217 

pyrite) to much greater depths, and sulphate cannot be stabilized in this assemblage to 218 

depths of at least 180 km, far below the slab depths of volcanic fronts in arcs (Fig. 5d). 219 

The uncertainties of ±0.5 logfO2 units in the SSO buffers [1 to 4] propagate to 220 

errors in absolute depths of the sulphide-sulphate transition in the slab sediments of 10 or 221 

20 km. Nevertheless, the calculations are instructive in showing how potentially 222 

significant variations in sulphide stability in subducted sediments with depth ensue just 223 

by varying bulk composition, thermal parameters of subduction or the original identity of 224 

the subducted sulphide phase. Hot subduction, Fe-rich oceanic sediments (low bulk XCa) 225 

or those in which pyrite is the only stable sulphide phase tend not to stabilize sulphate at 226 

any depths relevant to arc magma generation. Colder subduction or calcic (high bulk XCa) 227 

sediments have the potential to produce sulphate at slab depths beneath arc volcanic 228 

front. These changes in sulphide stability could greatly affect how S is mobilized and 229 

recycled in subduction zones, if sediments partially melt or lose fluid in some scenarios, 230 

depending on age or geometry or other factors at a convergent margin. This is because S 231 

solubility in melts at sulphate-saturation is orders of magnitude higher than in the 232 

sulphide-saturated case (Scaillet et al, 1998; Jugo et al, 2005; Jugo, 2009). In this way, 233 

the GAP and CAP buffers allow predictions of whether S and chalcophile elements might 234 

be easily sequestered or released to the arc mantle wedge, depending on bulk sediment 235 

composition, and whether sediment melting ensues beneath an arc. To investigate this 236 

effect directly, we examined by experiment the behaviour of S and other chalcophiles in 237 

partial melts of oceanic sediments at eclogite facies conditions in the presence of either 238 

sulphide or sulphate. 239 

 240 

3. Experiments 241 

3.1 Starting Materials 242 

On the basis of previous phase equilibrium studies we synthesized two starting 243 

compositions that represent the partial melts of end members of oceanic sediment bulk 244 

compositions (Fig. 1, Table 1). The GM composition replicates the partial melt of a 245 

pelitic global oceanic sediment analogue (‘GLOSS’) produced at 2.5 GPa and 900ºC 246 

(Herman and Spandler (2008). The TSC composition is a carbonate-rich hydrous 247 
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sediment composition similar to HPLC1 studied by Tsuno and Dasgupta (2011). The GM 248 

starting composition was synthesized by mixing reagent grade SiO2, TiO2, Fe2O3, 249 

Na2CO3, and K2CO3 in an agate mortar. The mixture was then decarbonated at 800ºC. 250 

Gibbsite [Al(OH)3], portlandite [Ca(OH)2], and brucite [Mg(OH)2] were added as sources 251 

for water. The powdered mixture was shaken in a plastic canister for 15 minutes and 252 

ground under ethanol in an agate mortar for 15 minutes. This process was repeated three 253 

times to ensure homogeneity.  The GM composition was then split, with 2 wt.% natural 254 

anhydrite added to one split (GM-an), and 2 wt.% natural pyrite added to the other (GM-255 

py) producing two differing starting redox states for S at levels predicted to maintain 256 

sulphide or sulphate saturation (Prouteau and Scaillet, 2013). The GM compositions were 257 

doped with trace elements (Sc, Cu, Zn, As, Sr, Nb, Mo, Sb, Ba, La, Ce, Yb, Pb, Th, and 258 

U) in 100-250 ppm concentrations added as a cocktail of NIST certified trace element 259 

solutions (Table 1). The doped powder was then dried under a heat lamp, mixed again in 260 

a plastic canister for 15 minutes and ground in an agate mortar for further 15 minutes. 261 

This process was repeated three times to homogenize the trace elements into the 262 

composition. The TSC-py and TSC-an starting compositions was synthesized using a 263 

similar method to GM but with CaCO3, Na2CO3, and K2CO3 added as sources of CO2.   264 

3.2 Experiments 265 

The melting experiments were carried out in an end-loaded piston-cylinder apparatus at 266 

2.5 GPa over a range of temperatures (700 to 1100ºC) chosen to intersect various P-T 267 

trajectories for subducted crust (Fig. 4; Table 2). We employed 13 mm CsCl assemblies, 268 

with a pressure calibration and the hot-piston out method as described in Canil (1999). To 269 

explore the effect of fO2 the experiments were carried out under oxidizing and reducing 270 

conditions. For the oxidizing experiments the pyrite-bearing and anhydrite-bearing 271 

starting material were placed inside of separate 3mm Au capsules and welded. The two 272 

Au capsules were then packed into a 4mm Pt capsule, filled with Al(OH)3. The Al(OH)3 273 

breaks down at the experimental conditions to ensure H2O saturation during the 274 

experiments and obviate H2O-loss from the inner Au capsules (Fig. 6). The reduced 275 

experiments were carried out using the same method as above but with the addition of 276 

powdered graphite on the bottom and top of the starting material in the Au capsules 277 

before welding. The outer 4mm Pt capsule was filled with Al(OH)3 + C to ensure more 278 
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reducing conditions were maintained in the experiment. For each experiment, the charges 279 

were heated to the run temperature, held for up to 48 hours, and then quenched in seconds 280 

by cutting power to the furnace assembly.  281 

3.3 Analytical Methods 282 

Experimental products were mounted in epoxy and polished for analysis. Polished 283 

sections were examined by reflected light microscopy and by scanning electron 284 

microscopy (SEM) using a Hitachi S-4800 scanning electron microscope (SEM). Major 285 

element concentrations in each phase and the glass were determined using a CAMECA 286 

SX50 electron microprobe (EMP) at the University of British Columbia at a15 kV 287 

acceleration voltage and a beam current of 20 nA, and peak counting times of 20 seconds. 288 

The beam diameter was 1 µm for mineral analyses and defocused to 40 µm for glass 289 

analysis.  290 

Trace elements (Li, S, Sc, V, Co, Cu, Zn, As, Sr, Nb, Mo, Sb, Ba, La, Ce, Yb, Pb, 291 

Th, U) in the glass from the run products were measured by laser ablation inductively 292 

coupled mass spectrometry (LA-ICPMS) after the procedures described in Fellows and 293 

Canil (2012). The 213 nm Nd-YAG laser was fired at 10 Hz using a power of ~0.400 mJ 294 

and a fluence of 30.5 J/cm2 with spot sizes of 20-40 µm depending on the sizes of glass 295 

regions. Results on BCR2g standard for all trace elements (Table 3) are within 8% of the 296 

reference values except for Zn (25%). We measured 112±126 ppm S on BCRg, within 297 

the results and precision of 158±126 ppm reported by Shu and Lee (2015) for the same 298 

glass. The time resolved spectra of run product glasses were carefully screened to 299 

eliminate contamination from small crystals. Only spectra with consistent and anomaly-300 

free profiles were selected. For experiments with small and/or few melt pools for 301 

analysis, the epoxy mount was analyzed by LA ICPMS and then re-polished deeper to 302 

expose new melt regions in the capsule for subsequent analysis. 303 

 304 

4. RESULTS  305 

4.1 Experimental Products  306 

All experiments contained silicate glass and a free fluid phase as evidenced by the 307 

presence of vesicles in glass (Fig. 7). Given the low experimental temperatures, 308 

crystalline phases were mostly < 10-15 µm. Depending on the starting bulk composition 309 
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and experimental conditions the crystalline phases observed were clinopyroxene, 310 

phengite, K-feldspar, kyanite, garnet, quartz, anhydrite, pyrite, rutile, magnetite, biotite, 311 

and titanite (Table 2). Run products for both starting compositions (GM and TSC) 312 

contain clinopyroxene, titanite, magnetite, rutile, and K-feldspar and are typically sub-313 

euhedral (Fig. 7). Quartz, calcite, garnet, and pyrrhotite were subhedral. Phengite and 314 

kyanite were primarily needle-like, bladed, or platy. When present, anhydrite was 315 

anhedral and ragged in appearance, but may have suffered from plucking and dissolution 316 

during the polishing stage. Kyanite, magnetite, anhydrite, rutile, and garnet proved to be 317 

difficult to analyze due to their small size, crystal habit, or were obscured by intergrowth 318 

with other phases. Small globules of immiscible calcite (melt?) were also recognized, 319 

similar to the features noted in sediment melting experiments (Skora 2015; Mann and 320 

Schmidt, 2015).  321 

Glass could be analysed in all but two experiments (Table 3). Mineral 322 

compositions are given in E-Appendix A. The phase proportions in each experiment 323 

could not be obtained by mass balance due to the presence of several mineral phases that 324 

were frequently too small or clustred to be reliably analysed by EMP. The inability to 325 

analyze all minerals and mass balance in many experiments does not change the 326 

overarching purpose of the experiments, which was to examine chalcophile elements in 327 

the melt phase. 328 

4.2 Equilibrium 329 

 We carried out a time series to test for equilibrium in experiments at 900 °C over 330 

6, 24 and 48 hours. The concentration of Cu, Zn, and As in the glasses at 24 h are within 331 

uncertainty of those for ~48 hours, suggesting equilibrium was reached by 24 hours (runs 332 

p403, p404, p405 - Table 3). We carried out the majority of our experiments for more 333 

than 45 hours, to ensure equilibrium.  334 

4.3 Oxidation State of Experiments 335 

Maintaining the presence of sulphide or sulphate in each experiment was central to the 336 

study and required some knowledge of the fO2, which is not straightforward in volatile-337 

bearing experiments in a piston-cylinder device. Sources of oxidation are the dissociation 338 

of H2O (2H2O = 2H2 + O2) inside the inner Au capsule, and the presence of essentially all 339 

Fe as Fe3+ in the starting material.  The oxidizing potential of the aforementioned sources 340 
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in the starting materials tended to stabilize sulphate. To stabilize S as sulphide (as 341 

pyrrhotite) in experiments, the disseminated C added to the inner and outer Au capsules 342 

served as a reductant that buffers the fO2 to near CCO (2C + O2 = 2CO), which lies 1.1 343 

log units below the FMQ buffer at conditions of our experiments (Ulmer and Luth, 1990). 344 

The effectiveness of these approaches can be seen in the experimental run products. In 345 

the reducing graphite-bearing experiments, the anhydrite loaded in the one capsule would 346 

be reduced to pyrrhotite. Conversely, in the graphite-free experiments, the sulphide-347 

bearing starting material is oxidized such that both capsules contained only anhydrite 348 

(Table 2).  349 

We also applied the CAP and GAP buffer calculations (reactions [1 – 4]) to any 350 

run products containing clinopyroxene and in one case coexisting garnet that could be 351 

analysed by EMP. One caveat is that our run products contained either pyrrhotite or 352 

anhydrite, and never both. Thus, in the case of anhydrite-saturated experiments the 353 

calculated fO2 from GAP or CAP is a minimum, whereas in pyrrhotite-saturated 354 

experiments the fO2 is a maximum (Table 2). Additionally some of our experiments did 355 

not contain kyanite present in the CAP buffer reaction. Nevertheless, the application of 356 

the CAP and GAP methods allow some approximation that the fO2 of at least some of the 357 

experiments from below FMQ to above FMQ+2 in pyrrhotite - and anhydrite -saturated 358 

experiments, respectively (Table 2).  359 

4.4 Melt Compositions 360 

 Melts produced are broadly granitic in terms of Na2O+K2O (5 – 10 wt%)) and 361 

SiO2 (70-75 wt%) on an anhydrous basis, similar to those from previous sediment 362 

melting studies (summarized in Mann and Schmidt, 2015; Schmidt, 2015). The H2O 363 

contents of melts are between 7 to 12 wt%, assuming the ‘by-difference’ method 364 

(difference in analytical total by EMP from 100%). Melts derived from the two different 365 

starting materials are mostly similar except for higher concentrations of CaO (2-3wt%) 366 

and FeO (1-2 wt%) in those from the more carbonate-rich TSC composition (Table 3).  367 

The most striking result from the experiments is the difference in chalcophile 368 

metal concentration in sediment melts at different fO2 conditions. The levels of S 369 

determined by LAICPMS vary from 60 to 4000 ppm, and though not very precise, are 370 

markedly higher in anhydrite-saturated experiments (Fig. 8a). The behaviour of S is 371 
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consistent with previous studies that suggest hydrous oxidized sediment melts favour 372 

sulphate dissolution and overall higher solubility of S (Scaillet et al., 1998; Prouteau and 373 

Scaillet, 2013; Jego and Dasgupta, 2014). 374 

The concentration of Cu, Zn, As, Pb, Sb varies up to two orders of magnitude in 375 

melts with fO2 increasing from below FMQ to near FMQ+2 (Fig. 8bc). This large 376 

difference occurs in both the GM and TSC starting compositions, regardless of whether 377 

the S was initially added as sulphide or sulphate to the starting material, and is dictated by 378 

the presence or absence of the former phase in the final run products. 379 

When normalized to abundances in the starting material, Ba, Th, Nb, La, Ce, Yb 380 

and Sc showed slightly variable concentration in the melt, depending on the presence of 381 

coexisting K-feldspar or clinopyroxene, which would partition some of these elements 382 

differently. In oxidized experiments the chalcophiles (Cu, Zn, As, Pb, Sb) were strongly 383 

partitioned into the liquid, and in the same magnitude as the lithophile elements (U, Sr, 384 

Ba, Th, Nb, La, Ce, Yb), but showed extreme depletion in the melt in reduced 385 

experiments containing pyrrhotite (Fig. 9). All chalcophiles show strong positive 386 

correlations with one another, but there is differential partitioning, with some 387 

fractionation of Cu from Mo (Fig. 9). There is notable fractionation of Cu and Sc, and Ce 388 

from Pb depending on pyrrhotite versus anhydrite saturation. These element trends can be 389 

applied to examine the role if any for sediment melting and chalcophile element 390 

behaviour in the sources of arc magmas. 391 

 392 

5. Discussion 393 

5.1 Sediment melting and release of chalcophiles to the arc mantle 394 

There are several lines of evidence for a sediment contribution to the source of arc 395 

magmas (Plank and Langmuir, 1993). Even small sediment contributions (3 – 6%) 396 

explain some isotope and element ratios (Th/La) in arc magmas (Elliot et al, 1997; Plank, 397 

2005). Whether slab interface temperatures are hot enough to partially melt sediment is 398 

debated (Cooper et al, 2012; Behn et al, 2012). Some models suggest that temperatures 399 

along the interface of even the hottest slabs will not approach the lowest, H2O-saturated 400 

melting point of oceanic sediments (Figure 4). A survey of P-T work on eclogites, 401 

however, calls some of these models into question (Penniston –Dorland et al, 2015). In 402 
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addition, the trace element abundances of eclogite facies rocks with metasedimentary 403 

protoliths show patterns consistent with retention by accessory phases to temperatures of  404 

> 1050ºC - far above the slab interface temperatures in most subduction models (Behn et 405 

al, 2012). This observation has led to a model that, due to their lower density, slab 406 

sediments rise buoyantly as diapirs into the sub-arc mantle and partially melt (Gerya and 407 

Yuen, 2003; Behn et al, 2012; Marchall and Schumacher, 2012).  408 

Whether sediment melting proceeds along the slab interface, or within buoyant 409 

diapirs, in what follows we assume that the outcome is partial melts imprinting 410 

sedimentary signatures on the arc mantle source region. Interaction and mixing of such 411 

hydrous sediment melts maintains saturation in olivine+orthopyroxene (Mallik et al., 412 

2016). The bulk composition of the oceanic sediment and the temperature of the slab 413 

exert control on the SSO buffers with depth during subduction (Fig. 5). When sulphide is 414 

destabilized in the subducted sediment, marked introduction of S and chalcophile 415 

elements (Cu, Zn, As, Pb, Sb) from melted oceanic sediment to the arc mantle would 416 

ensue as shown by our experiments (Figs. 8, 9). The sulphate-rich sediment melts could 417 

also oxidize the mantle wedge directly as the S6+ in melt interacts with and destabilizes 418 

surrounding mantle sulphides, liberating additional chalcophile elements stored within 419 

them. Because subduction is a continuous process during the lifetime of an arc, the 420 

delivery of sediments of the same composition could buffer sulphide-sulphate stability 421 

and dictate the release or sequestration of S and chalcophiles to the mantle. Conversely, 422 

any changes in subduction parameters or the composition of subducted sediment beneath 423 

an arc over its lifetime may shift the SSO buffers, and alter the delivery of S and 424 

chalcophiles. We now test these predictions using erupted products in arcs that have 425 

varied subduction parameters or sediment compositions in space and time. 426 

5.2 Nicaragua 427 

Sediment subduction has had long history of study in the context of the chemistry of arc 428 

magmas. The Central American arc has in particular shown significant along strike 429 

variations in its chemistry that correlate with the composition and or extent of 430 

sedimentary input (Patino et al, 1990). Sedimentary input is particularly acute in 431 

Nicaragua, as shown by isotopes and trace elements in magmas erupted in this segment of 432 

the arc (Tera et al, 1986; Plank et al, 2002).  433 
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Nicaragua is also an ideal location to study the temporal changes in subducted 434 

sediment input, as trenchward migration of the arc exposes volcanic rocks erupted over 435 

the past 20 m.y. During this time period there has also been a profound change in the 436 

composition of sediments delivered to the arc.  Changes in currents and upwellings 437 

between 20 and 10 Ma altered the carbonate compensation depth, leading to a sudden 438 

change from dominantly Ca-rich pelagic ‘carbonate ooze’ sedimentation on the 439 

subducting Cocos plate between 20 – 10 Ma, to a ‘carbonate crash’ and precipitation of 440 

mainly diatomaceous (Ca-poor) sediments after 10 Ma (Plank et al., 2002). The bulk XCa 441 

(= molar Ca/Ca+Fe+Mg+Mn) of sedimentary sections in several ocean drilling locations 442 

on the Cocos plate over this time period document a change in XCa from ~1.0 to < 0.2 443 

after the ‘carbonate crash at 10 Ma (Plank et al., 2002). This change in XCa correlates 444 

directly with the mass of CaCO3 in the sediments - from nearly 100 wt% pre-10 Ma, to 445 

less than 10% thereafter.  446 

We can examine if this marked change from subduction of Ca-rich to Ca-poor 447 

sediments affected the SSO buffers in the slab, and is reflected in the chalcophile element 448 

systematics in the Nicargauan arc magmas over the past 20 m.y. In this exercise we use 449 

Cu/Sc as a proxy for S during arc mantle melting for a number of reasons. Analysis of 450 

bulk S in many igneous rock suites is uncommon, and is often affected by degassing or 451 

surface weathering relative to Cu, even in relatively fresh lavas (Lee et al, 2012; Shu and 452 

Lee, 2015). Copper is similarly chalcophile but more commonly measured in rocks than 453 

S, but both of these elements along with Sc have broadly similar partition during mantle 454 

melting (bulk D mantle/melt ~ 0.1-0.5) except when sulphide is present (Lee et al, 2012). 455 

The experimental data from this study confirm this behaviour is maintained even for 456 

partial melts of sediments (Fig. 9). 457 

Figure 10 shows the Cu/Sc of lavas from the Miocene Nicaraguan arc plotted 458 

against their location relative to the modern Central American trench. The samples are 459 

filtered to consider only samples with less than 60wt.% SiO2, to avoid fractionation 460 

effects on the Cu/Sc ratio (Jenner et al, 2010; Lee et al, 2012). The age span of the 461 

Nicaragua lavas plotted in Figure 10 is about 10 to 7 Ma, spanning the time period for the 462 

‘carbonate’ crash recorded by sediments on the incoming Cocos plate. Also shown in 463 

Figure 10 is the concentration of CaCO3 in incoming sediments, whose absolute ages 464 
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vary from 20 to 0.45 Ma (Plank et al, 2002), but are here plotted where they would be in 465 

coordinates relative to the modern trench, assuming an incoming plate velocity of 8.5 466 

mm/year (Horne et al, 2008). The sediment compositions are shown in this coordinate 467 

space so that their age-location is in the same plate reference frame as the arc lavas to 468 

which they are being compared. Plate velocities of the Cocos plate vary with latitude 469 

(deMets et al, 2010), and could surely have changed over the last 20 Ma, shifting absolute 470 

value of the points on Figure 10, but this would not change the age/location of sediment 471 

and lava compositions relative to one another. 472 

We note a coincidence of the changing CaCO3 recorded in incoming subducted 473 

sediments due to the ‘carbonate crash’ with an increase in Cu/Sc of the lavas. The Cu/Sc 474 

in volcanic rocks increases from ~ 2 to 9 with decreasing distance to modern trench, over 475 

a time period from 10 Ma to 7 Ma. If subduction of sediments to the arc source region 476 

were instantaneous, the Cu/Sc in arc lavas in Nicaragua do not correlate with XCa of 477 

incoming sediment. The arc front is typically 100 km from the trench, however, and so 478 

there is a time lag between subduction of sediment and its involvement in the source of 479 

arc magmas of at least a few million years. Thus, one explanation of the trend in Figure 480 

10 is that pre-10 Ma, the subduction of Ca-rich sediments has destabilized sulphide at the 481 

depths of magma production beneath the arc volcanic front, as predicted by the shift of 482 

SSO buffers with bulk XCa (Figure 5). Between 20 and 10 Ma, subducted sediment is Ca-483 

rich (>90% CaCO3, XCa > 0.95) and sulphide is unstable at slab depths beneath the arc 484 

volcanic front, promoting release of Cu and related chalcophiles into the arc source, 485 

whether by direct melting of those sediments or by the diapir mechanism.  After 7 Ma, 486 

incoming sediment entering the arc mantle source would be Ca-poor (< 10wt% CaCO3, 487 

XCa < 0.2) and sulphide again is stabilized in the slab due to the lower bulk XCa (Figure 488 

5), sequestering Cu relative to Sc as predicted by the experimental data (Fig. 9). Indeed, 489 

the eventual return to low Cu/Sc values (~ 3) in the modern arc is expected given the 490 

recent subduction of Ca-poor sediments. The systematics of chalcophile elements in the 491 

Nicaraguan arc, where sediment and lava compositions are well constrained in time and 492 

space, is wholly consistent with the shift in sulphide-stability with sediment composition 493 

predicted by the SSO buffers. 494 

5.3 Global Trends in Arcs 495 
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We can extend the above observations on the well-studied Nicaraguan arc to a much 496 

coarser scale in all arcs globally. Sedimentary sections on oceanic plates entering 497 

subduction zones have been sampled by ocean drilling and compiled by Plank and 498 

Langmuir (1998). The bulk compositions of such sedimentary sections have been 499 

assembled from many lines of data to compare with arc geochemistry of arc magmas. 500 

One uncertainty is that not every sedimentary section has been measured directly at the 501 

trench, and several million years of subduction ensue between what is sampled on an 502 

incoming plate today and what is erupted in the modern arc. Nevertheless, examination of 503 

such data has been informative of the contribution of sediments to the source of arc 504 

magmas globally (Plank and Langmuir, 1998; Plank 2005). In this context we examine if 505 

there is a global signature of incoming arc sediment composition in chalcophile elements 506 

released in the arc as predicted by our SSO buffer calculations and our melting studies. 507 

  The bulk XCa of sediment sections for 14 modern trenches from the data given in 508 

Plank and Langmuir (1998) is compared with a compilation of Cu/Sc in volcanic rocks 509 

from their corresponding arcs. The latter data are compiled from 249 literature sources, 510 

with only post-1980 whole rock analyses by XRF or ICPMS methods being considered 511 

(http://georoc.mpch-mainz.gwdg.de/georoc/  - references given in Elec Appendix B). 512 

Rocks were screened to consider only samples containing < 60 wt% SiO2, to obviate any 513 

fractionation effects on Cu/Sc (Lee et al 2012). After applying these filters to the data, the 514 

total number of analyses is 3650 but varies in each arc depending on data availability and 515 

rock compositions (E Appendix C). 516 

 Despite the uncertainties in such a generalized global comparison, there is a 517 

remarkable correlation of XCa of trench sediment with Cu/Sc in volcanic rocks of modern 518 

arcs (Fig. 11). The changes observed in global arcs cannot simply be due to different bulk 519 

Cu in the subducted sediments delivered to the arc because the latter does not correlate 520 

with XCa (Fig. 1). The correlation Cu/Sc in arc magmas with XCa of trench sediment can 521 

be fit to a linear relationship with an r2 = 0.77. A far better fit, however, is obtained using 522 

the following relation y = 1/[1+10(a-bx)], (where a and b are constants), which is the form 523 

of the equation describing S solubility in melts with a change in S speciation from S2- 524 

(sulphide )to S6+ (sulphate) with increasing fO2 (Carroll and Rutherford, 1987; Scaillet et 525 

al, 1998; Jugo, 2009). In a similar way, the change of Cu/Sc (our proxy for S) in the arc 526 
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magmas reflects a shift in S speciation (from S2- to S6+) in melts or fluids delivering Cu to 527 

the arc source, the latter dictated by the effect of XCa of slab sediment on the nature of S-528 

bearing phase stable (sulphide vs. sulphate) at depth beneath the arc. This could be 529 

investigated by further experimentation. 530 

5.4 Deep earth S and chalcophile cycling over geologic time 531 

The range in XCa observed for various modern convergent margin sediments 532 

(Fig.1, Fig. 11, E Appendix C) is due to the diverse regional distribution of calcic pelagic 533 

sediments (‘calcareous ooze’) in the ocean basins (Ridgwell and Zeebe, 2005). The 534 

correlation of Cu in many modern arcs globally might be consistent with the variations in 535 

XCa of incoming subducted sediment affecting chalcophile release in arc sources (Figure 536 

5), but this mechanism may have varied over geologic time. Planktic calcifiers, the main 537 

component of widespread calcic pelagic sedimentation in the deep modern oceans, are 538 

only a relatively recent biological revolution. Prior to only 250 m.y. ago, carbonate 539 

sedimentation in the oceans was mostly neritic (Ridgwell and Zeebe, 2005) and calcic 540 

pelagic sediment subduction may not have modulated chalcophile element cycles and arc 541 

oxidation at all. Alternatively, carbonate saturation gradients could have been even more 542 

homogeneous and uniform in an anoxic ocean prior to 500 m.y. ago (Higgins et al, 2009). 543 

The occurrence of diamonds containing sulphides with mass independent S 544 

fractionation supports subduction of S into the mantle since the Archean (Farquhar et al, 545 

2002). If it occurred, hot subduction may have been the norm in the Archean (VanHune 546 

and Moyen, 2012). The Archean oceans were sulfidic and Fe-rich (Canfield, 2004) and 547 

marine sediments subducted would have been Fe-rich. Those attributes would affect the 548 

SSO buffers in subducted sediment so as to cause marked sequestration of S, Cu and 549 

other chalcophiles from the arc mantle in the Archean. We tested this possibility by 550 

comparing Cu/Sc in Archean and modern volcanic rocks. We compiled only analyses 551 

published post-1980, and screened to contain < 60 wt% SiO2, again to obviate any 552 

fractionation effects on Cu/Sc. Komatiites were omitted, as they are possibly plume-553 

related. After filtering for all analyses with Ti/V < 20 to identify rocks from the arc 554 

setting (Shervais, 1982), 222 Archean basalt analyses fit these criteria (E-Appendix C).   555 

 An important caveat of this exercise concerns the mobility of Cu during 556 

metamorphism in almost all volcanic rocks in the geologic record. Many Archean basalts 557 
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erupted subaqueously and have been altered during emplacement or regional greenschist 558 

facies metamorphism. Both these processes tend to deplete the rock in Cu by about 10% 559 

relative to the less mobile elements like Sc (Gregory, 2006; Patten et al, 2016). In this 560 

way, the Cu/Sc of Archean metabasalts in our comparisons might be considered minima. 561 

The Cu/Sc in modern arc whole rocks and submarine glasses is significantly 562 

higher, on average, and more variable than that of MORB (Fig. 12, E-Appendix C), 563 

mirroring the S abundances in these same two settings (deHoog et al, 2001; Wallace, 564 

2005). In contrast, Archean arc basalts have a mean Cu/Sc similar to MORB, and 565 

significantly lower than that of modern arc whole rocks or glasses (Fig. 12). This could 566 

be an artifact of the depletion of Cu in Archean rocks by seafloor or regional 567 

metamorphism described above. The more critical difference, however, is the markedly 568 

lower variance in the Cu/Sc of Archean arc basalts compared to modern ones, shown 569 

visually by less skew to high values (Fig. 12) and demonstrated statistically through an F-570 

test (F=3.92, p<0.0001). The larger variance and skew to high Cu/Sc in modern arc 571 

magmas is consistent with the effect of subduction of Ca-rich sediments on the SSO 572 

buffers, leading to transfer of significant S and Cu into many modern arc mantle source 573 

regions. In the Archean case, this mechanism may have been suppressed or absent. It may 574 

be no coincidence that porphyry Cu deposits have considerable frequency in the 575 

Mesozoic and younger times, but show a paucity prior to then (Cooke et al., 2005). 576 

Prevalent oxidation and the release of chalcophiles to the mantle source of arcs forming 577 

porphyry deposits may ultimately have awaited the latter-day advent of planktic 578 

organisms raining down on to Earth’s ocean floor in only the past 250 m.y. A more 579 

rigorous and comprehensive examination of Cu abundances in arc basalts over geologic 580 

time will be able to further address this conjecture. 581 
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Figure Captions 791 

 792 

Figure 1 – Bulk compositions  (wt% SiO2+Al2O3, Cu/Sc, wt.% CO2 and XCa = molar 793 

Ca/(Ca+Mg+Fe)) derived for composite marine sediment columns at trenches of various 794 

convergent margins (Plank and Langmuir, 1988). Note the spectrum of convergent 795 

margin sediments varies from pelitic to carbonate-rich, with no change on bulk Cu/Sc. 796 

These data are compared with those for starting materials in experiments on melting of 797 

sediments at subduction zone P-T conditions (Spandler et al., 2007; Hermann and 798 

Spandler, 2008; Tomsen and Schmidt, 2008; Skora and Blundy, 2010; Skora et al., 2015; 799 

Tsuno and Dasgupta, 2011; Prouteau and Scaillet, 2013; Mann and Schmidt, 2015).  800 

 801 

Figure 2 - Comparison of XCa (= molar Ca/(Ca+Mg+Fe)) of garnet and XHed of 802 

clinopyoxene with that of the starting material in experiments on slab sediment bulk 803 

compositions over a range of P-T conditions (2 – 5 GPa, 700 – 1100ºC). Note the strong 804 

correlation of garnet XCa with bulk composition, but lesser correlation for XHed in 805 

clinopyroxene (which depends mostly on T). Sources for experimental data as given in 806 

Figure 1. 807 

 808 

Figure 3 - Difference in measured log fO2 values and those calculated using the GAP 809 

method (reaction [1] in text) for experiments saturating in clinopyroxene+garnet and 810 

either anhydrite, pyrrhotite or both. Mineral chemical data were from experiments 811 

between 2 and 3 GPa on bulk compositions of metabasalt (Jego and Dasgupta, 2013; 812 

2014) and metapelite (Prouteau and Scaillet, 2013).  813 

 814 

Figure 4 – Pressure and temperatures (open circles) recorded by blueschist and eclogites 815 

from exhumed subduction-related metamorphic terrains (Penniston-Dorland et al, 2015) 816 

compared with a model P-T trajectory calculated for the top of a hot young slab (thick 817 

green line - van Keken et al., 2011). Simple fits through the middle (‘warm’) and hottest 818 

(‘hot’) temperatures of the blueschist/eclogite data are given, and were used in the 819 

sulphide-sulphate buffer calculations in text and plotted Figure 5. Triangles are the P-T 820 
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conditions under which sediment melting experiments have been performed (data sources 821 

given in Figure 1 caption). 822 

 823 

Figure 5 – The logfO2 of sulphide-sulphate (SSO) buffers in subducted oceanic crust 824 

(reactions [1-4] in text) plotted relative to that of the surrounding mantle (assumed to be 825 

at the FMQ buffer - after Frost, 1991) as a function of depth for various P-T trajectories 826 

of subduction. Sulphide is stable in subducted sediment at depths where the fO2 of its 827 

given SSO buffer is greater than of the peridotitic mantle (i.e. ΔFMQ > 0). Beyond that 828 

depth, the fO2 of a SSO buffer is less than that of the peridotitic mantle (ΔFMQ < 0) and 829 

sulphate is stable in a given bulk sediment composition (blue shaded field). The effects of 830 

bulk compositions of oceanic sediments are expressed as XCa of garnet or XHed 831 

clinopyroxene  (0.1 to 0.5) in the SSO buffer reaction. The P-T trajectories for subducted 832 

crust (vanKeken, warm, hot) in the various panels are shown and described in Figure 4. 833 

Horizontal orange stippled field shows the range of depths to the slab measured beneath 834 

the volcanic fronts of modern arcs (England and Katz, 2010). (a) CAP and GAP buffers 835 

for two different XCa in the sediment (0.1 and 0.5) on a ‘vanKeken’ P-T trajectory for the 836 

slab; (b) CAP and GAP buffers for XCa in the sediment (0.1 and 0.5) on a ‘warm’ slab P-837 

T trajectory; (c) CAP buffer with constant sediment composition (XCa=0.5) along three 838 

different P-T trajectories for the slab (vanKeken, warm, and hot);  (d) CAP and CAPY 839 

buffers on a ‘vanKeken’ P-T trajectory for the slab showing effect of the different 840 

sulphide identity (Py vs. Po) on depth for sulphide stability. 841 

 842 

Figure 6 - Capsule configuration for the sediment melting experiments (Table 1). 843 

Oxidized conditions used a starting material (SM) placed inside of two gold capsules; one 844 

containing S as S2- (in pyrite), and one as S6+ (in anhydrite). The two capsules were 845 

surrounded by gibbsite (Al(OH3)) to ensure H2O saturation and prevent fluid loss through 846 

the Au capsule. Reduced experiments were carried out under the same configuration but 847 

with graphite (C) powder added both to the gold capsules as well as mixed with the 848 

surrounding gibbsite. 849 

 850 
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Figure 7 – Back scattered electron images of experimental run products. Scale bar in 851 

lower right. (a) Experiment p403 (GMan starting composition) with S added as 852 

disseminated anhydrite containing clinopyroxene (cpx), K-feldspar (Ksp), phengite 853 

(Phen), and melt (gl) as well as fluid bubble (V). (b) Run product for p409py (TSC 854 

starting composition) containing clinopyroxene (cpx), pyrrhotite (Po), calcite melt (Cc), 855 

titanite (Ttn) and melt (gl).  856 

 857 

Figure 8 - Sulfur, Cu, Zn, As, Mo, Pb and Sb concentrations of experimental melts vs. 858 

logfO2 of the experiments at all temperatures expressed relative to the FMQ buffer. 859 

Representative uncertainties (1σ) are shown for only one element for clarity. Note the 860 

several-fold enrichment of chalcophile elements in melts when saturated in anhydrite 861 

(filled symbols) relative to those saturated in pyrhotite (open symbols). The logfO2  (in 862 

ΔFMQ format) used for this plot were calculated using the CAP and/or GAP buffers 863 

assemblages applied to experimental run products that saturate din these assemblages. 864 

The logfO2 can only be regarded as minima or maxima (arrows) because they saturated in 865 

either pyrrhotite or anhydrite only, never both (see Table 2 and text for details).  866 

 867 

Figure 9  – Concentrations of trace elements in sediment melts normalized to their 868 

concentrations in the starting material. Note similar behavior of all elements in sulphate-869 

saturated experiments (blue lines), but marked depletion in chalcophiles Cu, As, Zn, Sb 870 

and Pb relative to lithophiles (Sc, Nb, Ba, La, Ce, Yb, Th, U) for pyrrhotite-saturated 871 

melts (red lines). Also shown are key element ratios applied in sources for arc 872 

magmatism. Note order of magnitude higher Cu/Sc observed for sulfate-saturated melts. 873 

 874 

Figure 10 – Plot of Cu/Sc for Miocene lavas (solid triangles with < 60%SiO2) erupted in 875 

the Nicaraguan segment of the Central American Arc relative to their distance to the 876 

modern trench. These are compared with the wt% CaCO3 in sediments of various ages 877 

drilled on the subducting Cocos plate (solid circles). The ages of the sediments (20 to 878 

0.45 Ma) are converted to their distance relative to the modern trench, assuming a plate 879 

velocity of 85 mm/y (deMets et al., 2010). Data for Nicaraguan volcanic rocks and Cocos 880 

plate sediments are from Plank et al (2002). Large diamond shows the mean and one 881 
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standard error of Cu/Sc in Quaternary and younger arc lavas from Central America 882 

compiled in E-Appendix B  and C (note scale adjusted, real distance from modern trench 883 

= 100 km).  884 

 885 

Figure 11 – Plot of mean Cu/Sc compiled for lavas containing < 60 wt% SiO2 in modern 886 

arcs compared with XCa of convergent margin sedimentary sections for which data are 887 

available (Plank and Langmuir, 1998). Uncertainties in Cu/Sc are given as one standard 888 

error of the mean, and those shown for XCa of the sedimentary section are assumed to be 889 

±20% (E-Appendix B, Plank and Langmuir, 1998). The data are fitted to an equation of 890 

the same form describing the S speciation in silicate melts (r2= 0.97, see text). Data 891 

sources are given in an E-Appendix B. 892 

 893 

Figure 12 – Strip charts comparing Cu/Sc for MORB glasses, back-arc basalt glasses 894 

(ARC GL), arc lavas with < 60wt.% SiO2 (ARC WR) and Archean ‘arc’ basalts with > 895 

6wt.% MgO (ARCHEAN). The Cu/Sc in whole rocks and submarine glasses from 896 

modern arcs is significantly higher, on average (t4023 = -16.80, p<0.0001, t147 = -5.52, 897 

p<0.0001, respectively), and more variable than that of MORB. In contrast, the mean 898 

Cu/Sc of Archean arc basalts is similar to MORB, but significantly lower than that of 899 

modern arc whole rocks or glasses (t356 = -5.03, p<0.0001). Data sources are: MORB - 900 

Jenner and O’Neill (2012); ARG GL – Falloon et al. (1992), Pearce et al. (2005), Dril et 901 

al. (1997), Barry et al. (2006), Fretzdorff et al. (2002), Bezos et al. (2009); ARC WR – 902 

see E-Appendix B; ARCHEAN - see E-Appendix B 903 
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