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A B S T R A C T   

The sulfur cycle at convergent margins remains poorly constrained yet is fundamentally important for under
standing the redox state of Earth’s reservoirs and the formation of ore deposits. In this study we investigate the 
sulfur isotope composition of high temperature volcanic gases emitted from the Nicaraguan (average of +4.8 ±
1.3‰) and Costa Rican (average of +2.3 ± 1.3‰) arc segments contributing to emissions from the Southern 
Central American Volcanic Arc (SCAVA; average of +3.8 ± 1.7‰). Along-arc variations in geochemical tracers at 
SCAVA are widely accepted to reflect variations in subduction parameters and deep fluid sources and correla
tions between these parameters and gas S isotope compositions are observed. These correlations suggest that gas 
emissions are sourced from a mixture of mantle S with δ34S ~ 0‰ and isotopically heavy slab-derived sulfur with 
δ34S ≥ ~ +8‰. We employ Monte Carlo mass balance modeling to constrain S inputs to the subduction zone and 
relative contributions from mantle and slab to arc sulfur emissions. The models indicate that bulk subduction 
input in Nicaragua has a S isotope composition of +1.4 ± 0.5‰ compared to − 0.2 ± 0.4‰ in Costa Rica, 
requiring preferential release of isotopically heavy oxidized S from the slab to explain the relatively high δ34S 
observed in arc outputs. We show that the flux of S from the slab is sufficient to oxidize the entire mantle wedge 
within the lifetime of the arc, indicating that S is a primary oxidizing agent in subduction zones. Furthermore, the 
preferential removal of heavy S from the slab requires retention of isotopically light S in the residual slab. 
Subduction-scale fractionation of S isotopes is fundamentally important in explaining why Earth’s bulk surface 
reservoirs are isotopically positive.   

1. Introduction 

Sulfur plays a fundamental role in the redox state of Earth’s reser
voirs and has played a key role in the evolution of life. The formation of 
many types of ore deposits depend on sulfur chemistry and transport (e. 
g. Evans and Tomkins, 2011; Sun et al., 2015). Large explosive volcanic 
eruptions can cause global climate cooling due to the injection of sulfur 
into the stratosphere (e.g. Sigurdsson, 1990), and understanding the 
degassing mechanisms of sulfurous gases is crucial for volcanic eruption 
forecasting using gas monitoring (e.g. Williams et al., 1990; Daag et al., 
1996; Giggenbach, 1996; de Moor et al., 2016b,a). The dynamic nature 
of sulfur chemistry largely stems from its large range of valence states 
− 2 to +6 and as such sulfur can act as an important reducing or 
oxidizing agent in geologic processes. 

The subduction process provides the primary mechanism for 

formation of continental crust and modification of the Earth’s deep 
mantle and is therefore fundamental to understanding global 
geochemical cycles. Here, oceanic crust, marine sediments, and litho
spheric mantle form the slab that is subducted beneath the overriding 
plate. Volatiles released from metamorphic reactions driven by 
increasing T and P in the slab cause melting in the mantle wedge, 
forming arc magmas. These magmas are more oxidized than those 
formed at mid ocean ridges and intraplate settings (e.g. Kelley and 
Cottrell, 2009), typically carrying more water, sulfur, and metals. 

The processes generating oxidized arc magmas at subduction zones 
remain controversial. The introduction of oxidized components such as 
ferric iron, sulfate, and carbonate to the mantle wedge may play a key 
role in this fundamental characteristic of arc magmatism (e.g. Evans, 
2012). On the other hand, differentiation processes (crystallization, 
degassing, assimilation) may drive oxidation of more evolved arc 
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magmas (Lee et al., 2012; Lee et al., 2018). Deciphering these processes 
is fundamental to understanding the inherent explosivity of arc vol
canoes, the formation of ore deposits, and Earth’s geochemical cycles 
through time. 

Stable isotope compositions of high temperature gases emitted dur
ing open vent degassing likely reflect the primary magmatic source 
composition linked to tectonic scale magma generation processes (e.g. 
Taran et al., 1995; Fischer et al., 2002; de Moor et al., 2013; Aiuppa 
et al., 2017), and are powerful tracers of source components at sub
duction zone volcanoes. Sulfur isotopes are particularly sensitive as 
source redox tracers due to the fact that the heavy isotope has a strong 
affinity for the more oxidized sulfur species (e.g. de Moor et al., 2013). 
Sulfur isotopes also fractionate between phases during extraction and 
differentiation processes as a function of temperature and the S species 
present in the various phases involved (Marini et al., 2011). However, 
high temperature volcanic gases that have not lost significant S likely 
represent source compositions, but few volcanoes globally presented 
adequate conditions for sampling (Fischer, 2008). 

In recent compilations, Oppenheimer et al. (2014) and Kagoshima 
et al. (2015) presented δ34S data from global arc volcanoes with high T 
gas emissions, showing that S isotope compositions of primary arc gases 
are positive, with values ranging between +2‰ and + 10‰. Recently, 
Aiuppa et al., 2014, 2017, 2019 have shown that CO2/ST in gas emis
sions at open vent volcanoes is a proxy for deep volatile sources related 
to subduction parameters, with higher CO2/ST associated with greater 
slab contribution. Their models imply that C is preferentially released 
from the slab with respect to S, and/or that S is predominantly derived 
from ambient mantle. Significantly, however, Kagoshima et al. (2015) 
suggested that sulfur isotope compositions and S/3He ratios vary among 
different subductions zones, proposing that S isotopes and relative 
abundances in high temperature volcanic gases are dependent on sub
ducted materials and not dominated by mantle wedge composition. This 
observation has important implications with regards to the potential of 
sulfur as the main oxidizing agent of the mantle wedge and arc magmas. 

In this study we investigate S isotope compositions of high temper
ature volcanic gases emitted at the Southern Central America Volcanic 
Arc (SCAVA). Here, dramatic along-arc geochemical transitions are 
observed in many trace element and isotope ratios, which are widely 
attributed to tectonic scale variations in subduction parameters such as 
slab dip, mantle composition, and subducted components (e.g. Carr 
et al., 1990; Protti et al., 1994; Patino et al., 2000; Fischer et al., 2002; 
Plank et al., 2002; Gazel et al., 2009). We show here that sulfur outputs 
at SCAVA are isotopically heavy, with higher δ34S observed in Nicaragua 
than in Costa Rica. Subducted oceanic crust is heterogeneous with 
regards to S, and modeling of bulk sulfur inputs indicates that the total 
input is not drastically different from MORB S isotope composition. We 
argue through mass balance modeling that the observation that arc 
outputs are isotopically heavier than subduction inputs requires the 
preferential release of oxidized sulfur from the subducted slab beneath 
the arc and retention of isotopically light reduced sulfur in the deeply 
subducted slab. Sulfate-rich fluids released from the slab provide a 
powerful oxidizing agent in the mantle wedge contributing to the 
oxidized nature of basaltic arc magmas and our modeling allows quan
tification of the oxidizing potential of S in slab fluids. 

2. Methods and results 

2.1. Methods 

Volcanic gas samples were collected using both fumarole direct 
sampling techniques (Giggenbach and Goguel, 1989) and bubbler 
sampling of fumaroles and plumes (Menyailov et al., 1986; de Moor 
et al., 2013). Sodium hydroxide solution containing absorbed S gases 
was oxidized using H2O2 and BaSO4 was precipitated using 100 g/L 
BaCl solution. Barium sulfate was separated from the solution by 
centrifuge, including multiple rinses using deionized water. Sulfur 

isotope measurements were conducted at the University of New Mexico 
by Continuous Flow Isotope Ratio Mass Spectrometry using the methods 
and standards detailed in de Moor et al. (2013). International standards 
(all S isotope values are reported relative to the Vienna Canyon Diablo 
Troilite scale (Robinson, 1995) in δ34SV-CDT notation; IAEA-S-1 = − 0.3‰ 
(Ag2S), NBS123 = +17.44‰ (sphalerite), and NBS127= +21.10% 
(barium sulfate) were run at the beginning, at intervals between sam
ples, and at the end of analytical sessions. Analytical precision calcu
lated from the standards is better than 0.3‰ (1σ). 

2.2. Sulfur isotope compositions 

Sulfur isotope compositions are reported in Table 1 for gas samples 
and scoria samples, including data available from the literature. All gas 
samples are reported as δ34SV-CDT of total sulfur. Samples for Cerro 
Negro include 3 gas samples collected by Elkins et al. (2006) in 2002 as 
well as two gas and two scoria samples collected in 2009 (de Moor, 
2013). New δ34S data are reported for a high temperature gas sample 
from Momotombo collected by Elkins et al. (2006) in 2002. Menyailov 
et al. (1986) presented S isotope data for fumaroles from Momotombo, 
and 3 high T samples are included in Table 1. Masaya plume and scoria 
samples were collected in 2009 and S isotope data were previously re
ported in de Moor et al. (2013). One δ34S value is available from Mather 
et al. (2006a) for Pele’s hair collected at the crater rim. Gas data for Poás 
volcano include three moderate to high T gas samples collected by Erick 
Fernandez (OVSICORI-UNA) in 2008 and 2009, and 4 Giggenbach and 
bubbler samples collected for this study from fumaroles in 2013. The S 
isotope composition of basaltic andesite erupted from Poás in 
1953–1954 is reproduced from Rowe (1994). Sulfur isotope data for 
Turrialba plume and fumarole gases include 10 plume samples previ
ously reported in de Moor et al., 2016b and 5 Giggenbach samples 
collected in 2006–2008 by Erick Fernández (OVSICORI-UNA). 

The sulfur isotope compositions of volcanic gases from Nicaragua 
and Costa Rica are all positive, ranging between +0.2‰ and + 6.8‰ 
with lowest values measured at Turrialba and the highest at Momo
tombo. Considering only samples collected from sources with T above 
450 ◦C reduces the potential for isotopic modification by shallow 
fumarolic processes such as native S deposition (Giggenbach, 1996; 
Aiuppa et al., 2014; Henley and Fischer, 2021) and removes some out
liers from the data (Fig. 2). Heavier S isotope compositions are observed 
in gases from Nicaragua, which considered together give an average of 
+4.8 ± 1.4‰, with the highest average value of +6.0 ± 1.2‰ observed 
at Momotombo (average outlet temperature of 688 ◦C). The mean S 
isotope composition of high T volcanic gases from Costa Rica is +2.3 ±
1.3‰, with the lowest value observed at Poás volcano (average + 1.5 ±
0.8‰ for high T samples). The most variation is observed at Turrialba 
volcano, where filtering the data for temperature decreases the vari
ability about the mean significantly, from ±1.7‰ for all samples to 
±0.5‰ if only high T samples are considered, without significantly 
changing the mean, from +3.3‰ (all samples) to +3.1 (high T samples). 
Cerro Negro is the only volcano for which we cannot filter out lower T 
samples, as the sampling temperatures ranged from 310 ◦C to 98 ◦C. 
However, we still consider the S isotope composition (+3.5 ± 1.4‰) in 
further discussion for lack of high T samples and for completeness in 
considering along-arc trends. The average value considering all the 
SCAVA volcanoes is +3.8 ± 1.7‰ (excluding Cerro Negro changes the 
average from +3.78 to +3.84‰, making negligible difference). Along 
arc variation in gas δ34S is observed (Fig. 3a), with heavier values in 
Nicaragua (average of +4.8 ± 1.4‰) compared to Costa Rica (average of 
+2.3 ± 1.3‰). 

Few δ34S data are available for scoria from SCAVA and those that are 
available present consistently heavy values relative to high T gases. Two 
basaltic scoria samples from Cerro Negro give values of +9.3‰ and +
6.0‰ (de Moor, 2013) and those from Masaya yield an average of +7.3 
± 0.6‰ (de Moor et al., 2013; Mather et al., 2006b. One basaltic 
andesite sample from the 1952–1953 eruption of Poás volcano gave a 
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value of +8.3‰ (Rowe, 1994). The average value of SCAVA scoria is 
+7.6 ± 1.2‰, which is significantly heavier than the average SCAVA 
high temperature gas S isotope composition. 

3. Discussion 

3.1. Correlations with other geochemical tracers 

Fig. 3 compares the average δ34S of gas samples for SCAVA volcanoes 
(Table 1; Fig. 2) to published mean values for key tracers of deep magma 
sources (Elkins et al., 2006; Zimmer et al., 2004; Shaw et al., 2003; 
Hilton et al., 2010; Aiuppa et al., 2014; Carr et al., 2014 and references 
therein). The correlation with gas tracers is generally better than tracers 
from rock geochemistry, even though most of the δ34S data were not 
collected on the same gas samples for which δ15N, δ13C, and CO2/ST data 
were obtained. δ34S correlates closely with δ15N (R2 = 0.98, Fig. 3b), 
δ13C (R2 = 0.82, Fig. 3c) and CO2/ST (R2 = 0.94 excluding Cerro Negro, 
Fig. 3d). Correlations with U/Th and Ba/La are less robust (Fig. 3e and f; 
R2 < 0.6) but positive trends are maintained. 

The correlations between δ34S and key geochemical parameters 
indicate that the sulfur isotope variations are controlled by primary 
volatile sources at SCAVA, namely mixtures between mantle volatiles 

Table 1 
Sulfur isotope compositions of SCAVA gases and scoria listed by volcano from 
north to south.  

Sample ID Date Notes Temp 
◦C 

δ34SCDT 

‰ 

Nicaragua     
Cerro Negro gases     

EAR7 
2010/1/ 
10 

Fumarole with 
Giggenbach bottle 211 +2.7 

EAR8 
2010/1/ 
10 

Fumarole with 
Giggenbach bottle 275 +1.9 

NIC-22 
2002/ 
01/16 

Fumarole with 
Giggenbach bottle 310 +5.2 

NIC23 
2002/ 
01/16 

Fumarole with 
Giggenbach bottle 310 +3.1 

NIC-24 
2002/ 
01/16 

Fumarole with 
Giggenbach bottle 98 +4.6      

Average all    +3.5 
1σ    ±1.4 
Cerro Negro scoria     

CN-4 
2010/1/ 
10 de Moor, 2013  +9.3 

CN-3 
2010/1/ 
10 de Moor, 2013  +6.0  

Momotombo gases     

Nic-2 
2002/ 
01/05 

Sampled by Elkins et al., 
2006 747 +6.2 

Men-1 
1982/ 
03/05 Menyailov et al., 1986 790 +4.2 

Men-2 
1982/ 
03/05 Menyailov et al., 1986 680 +6.8 

Men-3 
1982/ 
03/05 Menyailov et al., 1986 535 +6.8 

Average all    +6.0 
1σ    ±1.2  

Masaya gases     

MSY1–1-2 
2010/1/ 
8 

Bubbler, de Moor et al., 
2013  +5.1 

MSY1-2-2 
2010/1/ 
9 

Bubbler, de Moor et al., 
2013  +4.3 

MSY1-3-2 
2010/1/ 
11 

Bubbler, de Moor et al., 
2013  +4.5 

MSY2-2-1 
2010/1/ 
8 

Bubbler, de Moor et al., 
2013  +5.1 

MSY2-3-1 
2010/1/ 
9 

Bubbler, de Moor et al., 
2013  +5.4 

MSY2-4-1 
2010/1/ 
11 

Bubbler, de Moor et al., 
2013  +4.7      

Average all    +4.8 
1σ    ±0.4 
Scoria     

MAS-1 
2010/1/ 
8 

Modern rim scoria, de 
Moor et al., 2013  +7.6 

MAS-1 glass sep 
2010/1/ 
8 

Modern rim scoria, de 
Moor et al., 2013  +7.8 

Pele’s hair  Mather et al., 2006a  +6.6 
Nicaragua gas average   þ4.8 
1σ    ±1.4  

Costa Rica     
Turrialba gases     

T2013.4.13b 
2013/ 
04/13 

Plume sample with 
bubbler, 2012 vent 790 +3.9 

T2013.4.13a 
2013/ 
04/13 

Plume sample with 
bubbler, 2012 vent 790 +4.2 

T2013.6.19 
2013/ 
06/19 

Plume sample with 
bubbler, 2010 vent 750 +3.1 

T-2013.7.19 
2013/ 
07/19 

Plume sample with 
bubbler, 2010 vent 400 +3.4 

T2013.8.8-B12b 
2013/ 
08/08 

Plume sample with 
bubbler, 2012 vent 550 +2.7 

T2013.8.8-B12a 
2013/ 
08/08 

Plume sample with 
bubbler, 2012 vent 550 +3.2 

T2013.8.8 
2013/ 
08/08 

Plume sample with 
bubbler, 2010 vent 590 +3.0  

Table 1 (continued ) 

Sample ID Date Notes Temp 
◦C 

δ34SCDT 

‰ 

T2013.8.27 
2013/ 
08/27 

Plume sample with 
bubbler, 2010 vent 600 +3.1 

T2013.9.1 
2013/ 
09/01 

Plume sample with 
bubbler, 2012 vent 610 +3.9 

T2013.10.27 
2013/ 
10/27 

Plume sample with 
bubbler 500 +0.2 

T2008.7.22-Br 
2008/ 
07/22 

Fumarole with 
Giggenbach bottle 237 +1.8 

T2008.7.22 
2008/ 
07/22 

Fumarole with 
Giggenbach bottle 237 +1.3 

T2008.5.2 
2008/ 
05/02 

Fumarole with 
Giggenbach bottle 270 +2.9 

T2006.5.2 
2006/ 
05/02 

Fumarole with 
Giggenbach bottle 96 +5.4 

Average all    +3.3 
1σ    ±1.7 
Average > 450C    +3.1 
1σ    ±0.5  

Poas gases     

PCR3–2013.4.16 
2013/ 
04/16 

Fumarole with 
Giggenbach bottle 596 +1.3 

P-CR2–2013.4.16 
2013/ 
04/16 

Fumarole with 
Giggenbach bottle 596 +1.7 

P2013.8.2-BD91C 
2013/ 
08/02 Fumarole with bubbler 91 +4.6 

P-2013.8.2–1 
2013/ 
08/02 Fumarole with bubbler 600 +1.1 

P-2009.11.24 
2009/ 
11/24 

Fumarole with 
Giggenbach bottle 665 +2.6 

P2008.9.9 
2008/ 
09/09 

Fumarole with 
Giggenbach bottle 480 +0.5 

P2008.11.11 
2008/ 
11/11 

Fumarole with 
Giggenbach bottle 332 +2.7      

Average all    +2.1 
1σ    ±1.4 
Average > 450C    +1.5 
1σ    ±0.8 
Poas Scoria  Rowe, 1994  +8.3 
Costa Rica gas average   þ2.3 
1σ    ±1.3 
SCAVA gas 

average    þ3.8 
1σ    ±1.7 
SCAVA scoria average   þ7.6 
1σ    ±1.2  
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and fluids derived from the subducted slab. Given these correlations, 
crustal contributions to the SCAVA sulfur output budget are negligible . 
Poás volcano represents an endmember dominated by mantle sulfur 
sources with little influence from slab-derived fluids, further supported 
by low δ15N, CO2/ST, U/Th and Ba/La. Masaya and Momotombo vol
canoes represent a more typical arc endmember with δ34S values of 
+4.8‰ and + 6.0‰, respectively, high δ15N, CO2/ST, U/Th and Ba/La. 
The relationship between δ34S and δ15N (Fig. 3b) is consistent with 
mixing between a mantle fluid endmember with δ15N ~ − 5‰ and 
slightly positive δ34S (consistent with a mantle endmember similar to 
MORB; Sakai et al., 1984; Labidi et al., 2012) and a slab fluid end
member with δ15N > +7‰ and δ34S > +6.5‰. The correlation between 
S and C isotope compositions is consistent with mixing between a mantle 
endemember δ13C ~ − 6‰ and slightly negative δ34S (also within the 
range of MORB; Sakai et al., 1984; Labidi et al., 2012) and a slab fluid 
heavy endmember with δ13C ~ 0‰ and δ34S ~ +8‰. For the purposes of 
further discussion, we therefore assign a mantle endmember with δ34S 
= 0‰ and model the S cycle as a function of the S isotope composition of 
slab fluids, considering +8‰ as a candidate composition supported by 
correlations with C and N isotopes, noting that the δ34S value of slab 
fluids could be heavier (Alt et al. (1993, 2012) have proposed +8‰ to 
+14‰ as slab fluid compositions). 

3.2. Model of S outputs and inputs to SCAVA 

Sulfur mass balance through the subduction zone is conducted using 
a series of Monte Carlo calculations to assess uncertainties, considering 
bulk outputs (S isotope compositions and S mass fluxes) from the vol
canic arc and bulk arc inputs at the trench (S isotope compositions and 
fluxes). Outputs considered are volcanic gases, degassed erupted vol
canic rocks, and partially degassed intrusive igneous bodies (which feed 
hydrothermal systems). Subduction inputs at the trench consist of ma
rine sediments, altered igneous oceanic crust (AIC), primary igneous 
crust (PIC), serpentinized mantle lithosphere, and subduction erosion. 

Inputs to Monte Carlo calculations are assigned mean and 1σ values 
(1 standard deviation) based on data presented in this work, values for 
components measured on the Cocos plate, and in cases where no specific 
data exist for the SCAVA margin reasonable mean and 1σ values were 
assigned based on global datasets. Each step in the Monte Carlo simu
lations involved 10,000 iterations of the calculation considering a 
random distribution based on 1σ about the mean of the assigned value. 
Uncertainties in resulting values are derived by taking 1σ of the 10,000 
results of the calculation in question. Details of chosen values for outputs 
and inputs are given in sections 3.2.1 to 3.3.5. Fig. 4 shows a repre
sentation of the robustness of the values introduced into the models, 
with the size of the squares proportional to the total fluxes represented 
by each input or output component. Blue colored squares indicate fluxes 
that we consider well constrained in terms of S isotope composition and 
flux for SCAVA (gas output, AIC and PIC input). Orange squares show 
fluxes that we consider moderately constrained based on SCAVA specific 
data (output of erupted volcanic rocks and input by forearc erosion). Red 
squares show fluxes that we consider under-constrained (S output from 
partially degassed intrusions, S input from sediments, and S input from 
serpentinized mantle lithosphere). 

Overall, the robustness of mass balance modeling depends on the 
robustness of model inputs and outputs and their relative contributions 
to mass balance through the subduction system. As shown in Fig. 4, the 
largest contributor to arc outputs (gas) is well constrained (data from 
this study) and the largest contributors to arc inputs (AIC and PIC) are 
also well constrained. 

3.2.1. SO2 gas fluxes 
Arc outputs include gases, erupted volcanic rocks, intruded magmas, 

and hydrothermal fluids. The SCAVA segment is perhaps, after Japan 
(Mori et al., 2013; Shinohara, 2013), the best-characterized in the world 
in terms of volcanic SO2 emissions (Stoiber et al., 1987; Andres and 

Kasgnoc, 1998; Mather et al., 2006b; Aiuppa et al., 2014; de Moor et al., 
2017). In order to constrain the total S output from SCAVA we consider 
the period from 1997 to 2017, which is robustly characterized in terms 
of SO2 flux measurements. 

Andres and Kasgnoc (1998), Mather et al. (2006b), and Aiuppa et al., 
2014 reported SO2 fluxes for the Costa Rica – Nicaragua arc segment of 
2147 T/d, 2031 ± 711 T/d, and 1886 ± 495 T/d, respectively, which we 
accept as robust estimates of the arc gas output for the period 
1997–2014. de Moor et al. (2017) reported higher SO2 fluxes for the 
period 2014–2017 of 6240 ± 1150 T/d, attributed to a regional increase 
in volcanic activity perhaps associated with extension in the upper plate 
following the Mw 7.6 Nicoya and Mw 7.3 El Salvador earthquakes in 
2012. For the purposes of mass balance modeling, the total mass of SO2 
emitted from the arc during the period 1997–2017 is taken as the 
weighted average of 9688 ± 4844 kT (assuming an uncertainty of 50%, 
which is greater than measurement errors) or 1.44 ± 0.72 × 1010 mols/ 
yr SO2. The contributions from the Nicaraguan and Costa Rican seg
ments are 0.93 ± 0.47 × 1010 mols/yr SO2 and 0.51 ± 0.26 × 1010 mols/ 
yr SO2, respectively. 

3.2.2. S output as erupted and non-erupted magmas 
The amount of S emitted from SCAVA in terms of that contained in 

erupted rock is derived from the long-term magma eruption rate. Kut
terolf et al. (2008) calculated magma eruption rates for all the volcanoes 
constructing the Central American Volcanic Arc. Based on these esti
mates, we calculate that the total magma eruptive rate for SCAVA per 
arc length at 1.27 g/s/m (1.61 g/s/m for Nicaragua and 0.79 g/s/m for 
Costa Rica). For comparison, we also calculated the eruptive rate for 
1997–2017 based on the number and magnitude of eruptions that 
occurred during this time. During this period there were 51 VEI 1 
eruptions at SCAVA (16 in Costa Rica and 35 in Nicaragua) and 44 VEI 2 
eruptions (25 in Costa Rica and 19 in Nicaragua) (Global
VolcanismProgram, 2013). We estimate the total volume of erupted 
material considering that, by definition, VEI 1 eruptions produce 
104–106 m3 of material and VEI 2 eruptions produce 106–107 m3 of 
material. For the purposes of the magma volume calculation we assume 
that VEI 1 eruptions produce 5.1 ± 3.4 × 105 m3 of material and VEI 2 
eruptions produce 5.5 ± 3.7 × 106 m3 of material, values which repre
sent the midpoints between the volumes defined by the VEI scale (with 
uncertainties of 67%). Assuming that these deposits, which are domi
nantly ashes and scoria, have a dry bulk density of 1500 ± 500 kg/m3 we 
calculate an eruptive rock output for SCAVA of 1.12 ± 0.84 g/s/m 
(uncertainty from Monte Carlo method), which is in agreement with the 
estimate based on Kutterolf et al. (2008). For the purposes of mass 
balance modeling we favor the long-term eruptive output because this 
allows further constraints on non-erupted magma emplacement rate (see 
below). Considering that the S content of scoria erupted at SCAVA is 
typically 100 ± 50 ppm (e.g. Wade et al., 2006; de Moor et al., 2013; de 
Moor et al., 2016b), we calculate the S output flux as erupted magma is 
6.57 ± 3.29 × 107 mols/yr S (4.89 ± 2.44 × 107 mols/yr S for Nicaragua 
and 1.69 ± 2.44 × 107 for Costa Rica). 

Kutterolf et al. (2008) further calculated the total magma flux 
(intrusive plus extrusive) for SCAVA accounting for magmatic differ
entiation and associated cumulate masses using incompatible element 
variations. Subtracting the extrusive component from these estimates 
we derive an intrusive magma emplacement flux for SCAVA of 1.37 g/s/ 
m (1.77 g/s/m for Nicaragua and 0.81 g/s/m for Costa Rica). Intruded 
magma would not degas as efficiently as erupted magma and would 
contain significantly more S than erupted magma. The sulfur content of 
emplaced magmas will vary greatly depending on the depth of 
emplacement and extent of S degassing and at any given point in time 
there will be magmas in the crust at varying stages of degassing. The 
average S content of olivine- and clinopyroxene-hosted melt inclusions 
volcanoes at SCAVA ranges from >3000 ppm to <200 ppm (average of 
989 ppm considering data from Roggensack et al., 1997; Wallace, 2005; 
Wade et al., 2006; Benjamin et al., 2007; de Moor et al., 2013; de Moor 
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et al., 2016b; Robidoux et al., 2017a; Robidoux et al., 2017b). For the 
purposes of calculating the S flux associated with these partially 
degassed magmas, we assume a S content of 1000 ± 500 ppm, which 
yields a S flux of 7.10 ± 3.55 × 108 mols/yr for SCAVA (5.37 ± 2.68 ×
108 mols/yr for Nicaragua and 1.73 ± 0.87 × 108 mols/yr for Costa 
Rica). Further crystallization of these stalled magmas in the crust re
leases S to deep hydrothermal systems and results in sulfide/sulfate 
mineral sequestration and minor H2S emissions at the surface. Thus, our 
mass balance model considers both hydrothermal fluxes and mineral 
sequestration by assuming that these fluxes are ultimately linked to the 
magma production rate. 

3.2.3. Excess S on the arc scale 
Table 2 compares the S output fluxes from gas, erupted magma, and 

non-erupted magma, showing that the total S output from SCAVA is 
1.52 ± 0.42 × 1010 mol/yr and that 95% of the output is in the form of 
gas. The total amount of S emitted as SO2 gas is ~200 times that emitted 
in erupted rocks, and a factor of ~20 more than that from partially 
degassed intrusions. 

A commonly recognized phenomenon, “excess sulfur” was first 
recognized at Fuego volcano by Rose et al. (1982), where the amount of 
SO2 released from erupting volcanoes is greater than can be accounted 
for by the mass of erupted magma. Excess sulfur has been observed at 
many volcanoes world-wide, is more apparent at arc volcanoes, and has 
been attributed to gas-melt separation at mid to shallow crustal levels in 
magmatic plumbing systems (e.g. Wallace, 2005; Shinohara, 2008; de 
Moor et al., 2010) . 

Our S output estimates for SCAVA highlight that excess S emissions 
also occur on the regional scale and not only for individual eruptions. If 
we consider the total magma production rate for SCAVA (1,387,345 g/s; 
Kutterolf et al., 2008) and an average undegassed S content of 2850 ppm 
from olivine-hosted melt inclusions (Roggensack et al., 1997; Wallace, 
2005; Wade et al., 2006; Benjamin et al., 2007; de Moor et al., 2013; de 
Moor et al., 2016b; Robidoux et al., 2017a, 2017b) then the magma 
production rate could account for 3.9 × 109 mols/yr of SO2 if all of the 
dissolved S was efficiently degassed. This petrologically derived SO2 flux 
is a factor of 3.7 lower than the observed SO2 flux from SCAVA (1.44 ±
0.72 × 1010 mols/yr SO2). Even if we assign an initial (undegassed) S 
content of 5000 ppm (i.e. higher than the maximum S solubility at 
4kbars and oxygen fugacity of NNO +4; Wallace, 2005), to the total 
magma production rate (i.e. intrusive + extrusive magma output), the 
total SO2 flux is still a factor of 2 greater than what could be accounted 
for by magmas. This observation suggests that some of the S emitted 
from the arc could originate as a free fluid phase independent of silicate 
melts or that the initial S content of primary arc magmas is significantly 
underestimated. 

3.2.4. Sulfur isotope composition of total arc outputs 
The mean S isotope composition of high temperature SCAVA gases is 

+3.8 ± 1.7 ‰. Sulfur isotope data are available for a limited number 
erupted scoria samples from Poás, Masaya, and Cerro Negro (Rowe, 
1994; Mather et al., 2006a; de Moor et al., 2013; de Moor, 2013), 
yielding an average value of +7.6 ± 1.2‰, which is heavier than the 
average value observed in gases. The S isotope composition of partially 
degassed unerupted magmas is poorly constrained; however, the δ34S 
value of this S must lie somewhere between that of the gas phase and 

residual S in erupted magma (scoria). Therefore, we assume that uner
upted and partially degassed magma has δ34S = +5.1‰ (assuming 50% 
degassing; Fig. 4) and assign a large uncertainty of ±2‰ to this value as 
it is not based on direct measurements but is rather an assumed value 
based on S degassing fractionation modeling (next section) . As shown in 
Table 2, the bulk S isotope composition of arc outputs from SCAVA is 
calculated at + 3.9 ± 1.0‰, which is the average δ34S of gas, erupted 
magma, and non-erupted magma weighted according to their relative 
contributions to the total S output from the arc, with the uncertainty 
derived from the Monte Carlo error calculations. 

3.2.5. Sulfur degassing fractionation 
The distribution of the S isotope compositions of SCAVA arc outputs 

(Table 2) can be described by isotopic fractionation produced by the 
degassing process. Fig. 5 shows degassing fractionation models 
following de Moor et al. (2013) together with the isotope compositions 
of SCAVA arc outputs. Degassing is modeled as an open system process 
(Rayleigh fractionation; Holloway and Blank, 1994) where the sampled 
gas phase (point G) is considered an accumulation of gas derived from 
steady-state degassing of magma conduit (see de Moor et al. (2013) for 
equations and model details). 

In Fig. 5, the isotopic composition of gas is plotted at an X-axis value 
of 95%, consistent with the proportion of total arc output attributed to 
gas emissions. The isotopic composition of erupted magma (i.e. residual 
melt after extensive S loss to the gas phase) is plotted at an X-axis value 
of 90% (i.e. 90% of melts initial S lost to the gas phase), which is 
consistent with studies of melt inclusions and matrix glasses for SCAVA 
volcanoes (<3000 ppm in melt inclusions, <300 ppm in matrix glass). 
The assumed isotopic composition of non-erupted magma (assumed to 
be 50% degassed; point NM in Fig. 5) is estimated based on the 
degassing fractionation model using αgas-melt = 0.9985 under the open- 
system conditions that best describe the observed average composi
tions of gas and erupted magma (i.e. scoria) at SCAVA. 

The calculated isotopic composition of the total SCAVA output (+3.9 
± 1.0‰; Table 2) is plotted at an X-axis value of 0% (point T in Fig. 5), 
reflecting the assertion that if all the magmatic S outputs from the arc 
are constrained then the calculated total S flux is equivalent to the total 
steady state magmatic S flux before any degassing phase separation. In 
the degassing fractionation model, the y-intercept of the modeled melt 
curves (δ34S = + 4‰) therefore reflects the isotopic composition of 
primary melts before any degassing fractionation occurred. Our calcu
lated δ34S value for total SCAVA outputs is essentially identical to the 
modeled composition of primary arc melts. 

The best fit model to account for the isotopic compositions of gas and 
erupted magma is obtained with using αgas-melt = 0.9985 and open 
system conditions. This α value can be reproduced with equilibrium 
magma degassing conditions with T = 1000 ◦C, S in the melt existing 
predominantly as S6+ (S6+/́(S6++S2+) = 0.9), and a gas phase domi
nated by SO2 (SO2/(SO2 + H2S) = 0.9). These characteristics are 
consistent with degassing of typical oxidized arc basaltic-andesite melts 
(e.g. de Moor et al., 2013). 

It is important to note that the models do not provide a unique so
lution with regards to the initial isotope composition of primary arc 
melts, nor for the magma degassing conditions. The model presented in 
Fig. 5 does nevertheless serve to demonstrate that the isotopic values for 
gas, erupted magma, non-erupted magma, and total SCAVA output 
(Table 2) are consistent with isotopic fractionation during magma 
degassing. We note however that the isotope composition of erupted 
magma is poorly constrained because few δ34S data are available for 
scoria, which were not erupted at the same time as gas samples. Future 
work should aim to improve understanding of gas-melt fractionation by 
detailed analysis of scoria and melt inclusion S isotope compositions 
using updated S extraction methods (Labidi et al., 2012) and secondary 
ion mass spectrometry (Taracsák et al., 2021). Note however that our 
estimate of the S isotope composition of total arc output is not sensitive 
to changes in the estimated δ34S of erupted magma because the 

Table 2 
Sulfur fluxes and isotope compositions for SCAVA outputs.   

S Flux ± δ34S ±

mol/yr mol/yr ‰ ‰ 

Gas 1.44 × 1010 7.21 × 109 +3.8 1.7 
Erupted magma 6.57 × 107 3.29 × 107 +7.6 1.2 
Non-erupted magma 7.10 × 108 3.55 × 108 +5.1 2.0 
SCAVA total output 1.52 × 1010 4.17 × 109 +3.9 1.0  
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contribution of S output as erupted magma to the total output budget is 
minor (Table 2, Fig. 4). 

3.3. Arc inputs 

Here we aim to constrain the total flux of S into the SCAVA sub
duction zone as well as its bulk S isotope composition and speciation in 
order to conduct mass balance modeling of S recycling through the arc. 
Two primary controls on the subduction inputs are the crustal thickness 
of the subducting slab and the convergence rate. Oceanic crust formed at 
the East Pacific Rise (EPR) is thinner, older, and smoother than that 
formed at the Cocos-Nazca Spreading Center (CNS; Fig. 1, Fig. 6; e.g. 
Van Avendonk et al., 2011). Walther et al. (2000) determined that the 
thickness of the oceanic plate off Nicaragua is 5.5 km with an uncer
tainty of 1–2 km. For the purposes of mass balance modeling we assign 
an uncertainty of 33% to the EPR crustal thickness (5500 ± 1830 m). In 
contrast, the oceanic crust subducted in Costa Rica is significantly 
thickened due to interaction with the Galapagos hotspot (Walther, 
2003). Based on the wide-angle seismic experiments of Walther (2003) 
we estimate that the oceanic crust currently subducting in the direction 
of Poás and Turrialba volcanoes has a total thickness of 8500 ± 3140 m. 
The convergence rate at SCAVA is 75.7 ± 2.7 km/ma at a convergence 
angle of 22◦ and does not vary significantly along strike (Syracuse and 
Abers, 2006). 

The sulfur concentrations, isotope compositions, and S speciation of 
oceanic crust are highly heterogeneous (Fig. 7) within and between 
subducted lithologies, containing oxidized and isotopically heavy min
erals such as gypsum and barite (sulfates, S6+) as well as more reduced 
and isotopically lighter S in the form of pyrite (S1− ) and pyrrhotite (S2− ). 

Fig. 1. Map of the Southern Central American Volcanic arc showing volcanoes for which gas S isotope data are available, depths to the slab and structure of the 
incoming Cocos plate (Protti et al., 1994; Van Avendonk et al., 2011). Oceanic crust formed at the East Pacific Rise (EPR) subducts steeply beneath Nicaragua 
whereas crust formed at the Cocos Nazca Spreading Center (CNS) subducts beneath Costa Rica at a shallow angle due to the rigidity of the Cocos Ridge. 

Fig. 2. Sulfur isotope compositions of gases from SCAVA volcanoes. Individual 
samples are shown (smaller symbols are samples of gas with T < 450 ◦C, larger 
symbols are samples of gas with T > 450 ◦C). The shaded boxes show the range 
and the squares with error bars show the mean and standard deviation for 
each volcano. 
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The characteristics of subducted lithologies with respect to S for EPR and 
CNS crust are summarized in Table 3. The values used for the various 
lithological packages in our model of subducted S inputs are discussed in 
detail in the Supplementary Information and summarized in brief below. 

3.3.1. Subducted marine sediments 
Marine sediments on the Cocos plate consist of an upper unit of 

pyrite-bearing silty claystone and a lower unit of barite-bearing car
bonate (Fig. 7). The thicknesses of these layers is constrained from holes 
1039 for the EPR section and holes U1381 and U1414 for the CNS sec
tion (Fig. 6). In hole 1039 the upper unit has a thickness of 112 m and 
the lower unit has a thickness of 289 m, which we assign uncertainties of 
33%. The thickness of sediments on the CNS crust is highly variable due 
to significant topography associated with the Cocos ridge flanks and 
seamounts. We take the average of thicknesses measured at holes U1381 
and U141 (240 m) and assume a 67% uncertainty for total CNS sediment 
thickness. We estimate that the upper 63% (151 m) of the CNS section is 
pyrite bearing and the remaining 89 m lower is pyrite poor (Supple
mentary Information; Fig. 7). 

The pyrite S and barite S content of the two sedimentary units is 

estimated based on total S concentrations measured by Kimura et al. 
(1997) and Ba concentrations measured by Solomon and Kastner (2012) 
(Supplementary Information), with the upper unit containing 7900 ±
2700 ppm pyrite S and 100 ± 40 ppm barite S and the lower unit con
taining 640 ± 250 ppm barite S and no pyrite S. The sulfur isotope 
composition of sedimentary pyrite is here taken to be − 20 ± 10‰ after 
Canfield (2004) and Alt and Burdett (1992) and the δ34S of sedimentary 
sulfate is assumed to be that of seawater sulfate, +21 ± 5‰ (Kurtz et al., 
2003). 

The calculated bulk compositions of subducted sediments are sum
marized in Table 3 and are reported with Monte Carlo uncertainties. In 
our model, the S isotope composition of bulk CNS sediment is lighter 
than that of EPR (− 17.3‰ vs − 11.4‰) due to a thicker pyrite-bearing 
upper unit (Table 3, Fig. 7). 

3.3.2. Altered igneous crust 
Holes 1256D and 504B (Fig. 6) are used to quantify the S inputs from 

EPR and CNS altered ocean crust (AIC), respectively. The S chemistry of 
AIC in these holes has been studied extensively (Alt et al., 1989; Alt, 
1995a; Alt and Shanks, 2010; Alt and Shanks, 2011). Sublithologies of 

Fig. 3. Correlation plots between S isotope 
compositions of SCAVA gases and a) distance 
along arc, b) gas nitrogen isotope composi
tions (Elkins et al., 2006; Zimmer et al., 
2004), c) gas carbon isotope compositions 
(Shaw et al., 2003; Hilton et al., 2010), d) gas 
CO2 over total S ratio (Aiuppa et al., 2014), 
e) rock U/Th (Carr et al., 2014 and refer
ences therein), and f) rock Ba/La (Carr et al., 
2014 and references therein). Red arrows 
indicate mantle volatile endmembers. Verti
cal dashed grey lines in b and c show isoto
pically heavy endmembers (sedimentary N 
and limestone C, respectively) commonly 
used to explain heavy δ15N and δ13C 
observed in arc gas emissions (e.g. Fischer 
et al., 2002; Shaw et al., 2003). (For inter
pretation of the references to colour in this 
figure legend, the reader is referred to the 
web version of this article.)   
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the AIC are extrusive volcanics, transition zone breccia, sheeted dikes, 
and altered gabbro and the thicknesses thereof are estimated from 
Walther (2003), Walther et al. (2000), and Teagle et al. (2006) (Sup
plementary Information; Fig. 7). The CNS AIC is significantly thickened 
compared to the EPR AIC due to magmatism associated with Cocos 
Ridge and the Galapagos hotspot track (Walther, 2003). The dominant 
characteristics of alteration processes in the AIC are S loss from the 
extrusive volcanics, sulfide mineralization in the transition zone breccia, 
and pyrite and anhydrite veining in the altered dikes and altered gabbro 
(Alt et al., 2010; Alt and Shanks, 2011). 

The S chemistry of the AIC sections for the EPR and CNS plates is 
detailed in the Supplementary Information and summarized in Table 3. 
The lower S concentration of CNS AIC (630 ± 60 ppm versus 1490 ±
190 ppm for the EPR AIC) is largely due to enhanced S loss associated 
with extensive off axis low temperature hydrothermal circulation, which 
is promoted by rough topography and the lack of a sedimentary seal on 
topographic highs (Alt et al., 2010; Alt and Shanks, 2010). The higher 
bulk δ34S values of the EPR crust (+3.0 ± 1.6‰ versus +0.9 ± 0.4 for the 
CNS AIC) is due to the more intense near-axis alteration and higher 
degrees of seawater sulfate fixation at fast spreading centers (Alt, 1995b; 
Alt et al., 2010; Alt and Shanks, 2010). 

3.3.3. Primary igneous crust 
The unaltered plutonic section of igneous oceanic crust contains 

primary MORB sulfides in the form of disseminated igneous pyrrhotite 
and is relatively homogeneous with respect to S compared to the other 
subducted lithologies (Alt et al., 1989; Alt and Anderson, 1991; Alt, 
1995a). The isotope composition of bulk MORB was determined by 
Sakai et al. (1984) to vary between − 3.6‰ and + 2.2‰ (average +

0.3‰), whereas Labidi et al. (2012) reported values between − 1.9 and 
+ 0.2‰ (average − 0.9‰). Here we adopt the value of +0.1 ± 0.5‰ 
from Alt (1995a) in our mass balance calculations, which is an inter
mediate value between the average MORB values reported by Sakai 
et al. (1984) and Labidi et al. (2012). The PIC is a major transporter of S 
into the subduction zone due to its extensive thickness (3400 m for the 

EPR and 4400 m for the CNS; Supplementary Information; Fig. 7). 

3.3.4. Serpentinitized mantle lithosphere 
Serpentinized oceanic peridotite is recognized as an important 

component of subduction inputs for volatile cycling (Barnes et al., 2009; 
Rüpke et al., 2002; Stern et al., 2006; Alt et al., 2013; Freundt et al., 
2014). Flexure faulting parallel to tectonic fabric (isochrons in Fig. 1) on 
the outer rise of the EPR plate results in more serpentinization of the 
mantle lithosphere in comparison to the more rigid CNS plate. Based on 
the studies of Grevemeyer et al. (2007), Van Avendonk et al. (2011), and 
Freundt et al. (2014), we adopt a 7 km thick upper mantle that is 20% 
serpentinized, equivalent to a layer of pure serpentinite 1400 m thick for 
the EPR plate, assuming a high uncertainty of 67%. Serpentinization of 
the CNS mantle is poorly constrained but available evidence suggests 
minor serpentinization. Ye et al. (1996) for example observed mantle 
seismic velocities of ~8.1 km/s in trench perpendicular seismic refrac
tion lines, implying negligible serpentinization of the CNS upper mantle. 
Van Avendonk et al. (2011) concluded that there is a factor of ~2.5 less 
serpentinization of the SE EPR upper mantle than the EPR upper mantle 
off Nicaragua, and likely even less serpentinization of the CNS upper 
mantle. Thus, for the CNS subducted slab we assume that the upper 
mantle contains a factor of 3 less serpentinite than the upper mantle 
subducted at Nicaragua. 

For the S chemistry of subducted serpentinite we rely on the review 
and compilation of Alt et al. (2013; Supplementary Information). The 
bulk S isotope composition adopted for serpentinites in our mass balance 
calculations is +6.7 ± 1.9‰, reflecting the isotopic composition 
observed in both high temperature and low temperature serpentinites 
(Supplementary Information). It is important to note that the majority of 
serpentinite subducted at the Central American trench is thought to form 
at the outer rise due to plate flexure, normal faulting, and seawater 
penetration to mantle depths just prior to subduction (e.g. Grevemeyer 
et al., 2007; Van Avendonk et al., 2011; Freundt et al., 2014). There are 
no samples of this material and the processes forming this serpentinite 
may not be directly analogous to sampled serpentinites of gabbroic 

Fig. 4. Comparison between arc output and subduction input fluxes. The sizes of the colored boxes indicate the relative contribution of the component considered. 
Blue fill indicates that the flux is relatively well constrained with S isotope data available for the SCAVA margin (gas output, AIC input) or that the isotope 
composition thereof is unlikely to vary significantly (PIC). Orange fill indicates that few relevant sulfur isotope data are available and/or the flux is poorly con
strained and therefore the component is considered moderately constrained. Red fill indicates that no S isotope data are available for that component in the SCAVA 
setting (i.e. sediments and partially degassed intrusions), or that the flux is poorly characterized (serpentinite). Overall, bulk S inputs are greater than total arc 
outputs at SCAVA by a factor of 1.3 (outer boxes). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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hydrothermal systems or low T fault systems (Alt et al., 2013). Given this 
uncertainty, we consider the input flux of serpentinite as the least con
strained component of our mass balance model (Fig. 4). 

3.3.5. Subduction erosion 
The erosion of material from the base of the upper plate is a signif

icant contributor to the mass flux into subduction zones (e.g. Clift and 
Vannucchi, 2004). The composition of this entrained material will be 
similar to that of the forearc basement (Freundt et al., 2014). Vannucchi 
et al. (2001) showed that subduction at the Nicoya peninsula of Costa 
Rica erodes material from the forearc Nicoya complex, which is essen
tially altered oceanic crust. Walther et al. (2000) concluded that the 
forearc basement offshore Nicaragua is also accreted altered oceanic 

crust. Thus, following Freundt et al. (2014) we assume that the S content 
and S isotope composition of material introduced into the subduction 
zone by forearc erosion is that of AIC (Table 3). 

Subduction erosion is less efficient in Nicaragua than in Costa Rica 
due to a smoother oceanic plate (Vannucchi et al., 2003). We adopt the 
Nicaraguan forearc erosion rate used by Freundt et al. (2014) of 30 km3/ 
my/km (Supplementary Information). In terms of the stratigraphy of the 
subducted slab, this is equivalent to a thickness of 420 m, which we 
assign an uncertainty of 50%. The subduction erosion rate at the Costa 
Rican margin has been very high since the late Miocene (Vannucchi 
et al., 2003) and we adopt a value of 113 km3/my/km (± 33%). 
Translated into equivalent stratigraphic thickness, this input equates to 
a 1520 m thick subducted layer for the CNS plate. 

3.3.6. Bulk S inputs to the subduction zone 
The total calculated S fluxes, isotope compositions, and S speciation 

for the EPR and CNS segments are presented in Table 4 and Fig. 8. The 
total S fluxes into SCAVA are estimated at 1.1 ± 0.1 × 1010 mols/yr and 
0.9 ± 0.1 × 1010 mols/yr for the EPR and CNS segments respectively, for 
a total input of 2.0 ± 0.1 × 1010 mols/yr for the total input flux. The EPR 
and CNS total input fluxes are similar primarily due to tradeoffs between 
trench length (longer for the EPR segment) and total crustal thickness 
(thicker for the CNS section; Table 3). The thicker AIC section for the 
CNS segment is also associated with lower S concentrations compared to 
that of the EPR segment (Table 3), dampening the influence of the 
thickened AIC and enhanced subduction erosion at the Costa Rican 
margin. 

The bulk S isotope composition of subduction input is +0.7 ± 0.4‰, 
with slightly higher values associated with the EPR total input (+1.4 ±
0.5‰) compared to CNS input (− 0.2 ± 0.4‰). This difference is largely 
due to the influence of the AIC, which is a dominant carrier of S into the 
subduction zone and has isotopically heavier values at the EPR (due to 
higher degrees of seawater sulfate fixation at fast spreading centers; Alt 
et al., 2010; Alt and Shanks, 2010) compared to the CNS (+3.0 ± 1.6‰ 
versus +0.9 ± 0.4‰ respectively). The other major transporter of heavy 
S in the EPR inputs is serpentinized mantle lithosphere, which has a 
factor of 4 higher flux compared to that of the CNS segment. The slightly 
negative δ34S value associated with the bulk CNS input is due to the 
influence of subducted sediments, which is calculated at − 17.3 ± 3.2‰ 
for CNS compared to − 11.4 ± 3.0‰ for EPR. The pyrite-bearing 

Fig. 5. Sulfur degassing fractionation models with isotopic compositions of 
SCAVA arc outputs (Table 2). Solid and dashed lines represent melt and gas 
Rayleigh fractionation curves, respectively, with the gas modeled as an accu
mulated phase. Curves are labeled with fractionation factor values (αgas-melt). 
The isotopic compositions of SCAVA gas (point G) and erupted magma (point 
EM) can be adequately described by open system degassing, with αgas-melt =

0.9985 where the initial isotopic composition of the undegassed melt is +4‰. 
The isotopic composition adopted for non-erupted magma (i.e. partially 
degassed melt) in our mass balance model (Table 2) is shown as point NM. 

Fig. 6. Map showing primary tectonic features of the Cocos plate and drill holes used to constrain S inputs. The dashed line indicates the boundary between Cocos 
crust formed at the EPR and that formed at the CNS. 
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sediments on the CNS plate have more relative influence on the total S 
budget than on the EPR plate due to their greater thickness compared to 
the pyrite-poor underlying sediments. The slightly more positive δ34S of 
EPR total inputs could be a contributing factor to explain the isotopically 
heavier output calculated for Nicaragua (+4.9 ± 0.8‰) compared to 
Costa Rica (+2.5 ± 0.7‰). Subduction of the EPR segment is also 
associated with a higher input flux of oxidized S (Table 4). 

4. Mass balance modeling 

As shown above, the output of sulfur from SCAVA is isotopically 
heavier than the bulk input into the trench (+3.8 ± 1.7‰ for outputs 
versus +0.7 ± 0.4‰ for inputs). This difference between input and 
output isotopic compositions requires a process that preferentially re
leases isotopically heavy sulfur form the slab. The flux of this isotopi
cally heavy sulfur from the slab can be quantitatively modeled using our 

constraints on the arc outputs and inputs. It is the flux of this slab fluid 
that is the key parameter we investigate in terms of its potential to 
oxidize the mantle wedge and to affect the δ34S value of material 
transported into the deep mantle. Arc output is derived from a combi
nation of slab-derived and mantle-derived sulfur according to the 
relationship: 

Foutδout = Fslabδslab + Fmantleδmantle (1) 

Where F is the flux, δ is the isotopic composition and subscripts out, 
slab and mantle refer to arc output, slab-derived, and mantle-derived S, 
respectively. Fluxes are expressed in units of mols/yr/100 km of 
convergence-perpendicular arc length to allow direct comparison be
tween the Nicaraguan and Costa Rican arc segments (308 km and 216 
km, respectively). Here we assume that mantle S has isotope composi
tion of ~0‰ (section 3.2.4), allowing the flux of S from the slab to be 
calculated from: 

Fig. 7. Profiles of the subducting inputs demonstrating the heterogeneity of subduction inputs with respect to S concentration (a), S isotope composition, SO4/
∑

S 
(c), and Py/

∑
S (d). Nine lithologies are considered and numbered in panel a. Listed from top to bottom (from the slab – mantle interface) the lithologies are material 

eroded from the forearc (1), pyrite-bearing silty claystone (2), barite-bearing carbonate (3), altered extrusive volcanics (4), altered transition zone breccias (5), 
altered dikes (6), altered gabbros (7), unaltered gabbros (8), and serpentinized mantle lithosphere (9). Vertical blue lines indicate the weighted mean values for each 
section. Main references for sediment compositions (units 2 and 3) are Alt and Burdett (1992), Kimura et al. (1997), Kurtz et al. (2003), and Canfield (2004). The 
main references for altered igneous crust compositions (units 4,5,6, and 7) are Alt et al. (1989), Alt (1995a), Alt and Shanks (2010), Alt and Shanks (2011). For the 
composition of primary igneous crust (unit 8) see Alt et al. (1989), Alt and Anderson (1991), Alt (1995a) Sakai et al. (1984), and Labidi et al. (2012; 2103). For the 
composition of serpentinized mantle lithosphere (unit 9) see Alt et al. (2013) and references therein, as well as Freundt et al. (2014). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fslab = Foutδout/δslab (2) 

As we have constraints on Fout and δout (Table 2) the flux of S from 
the slab (Fslab) can be modeled as a function of the isotopic composition 
of slab fluids (δslab). The flux of sulfur from the mantle contributing to 
arc outputs is then: 

Fmantle = Fout − Fslab (3) 

The flux of sulfur to the deep mantle is: 

Fdm = Fin − Fslab (4)  

where Fin is the sulfur flux into the subduction zone (Table 4). The 
isotope composition of S subducted to the deep mantle is: 

δdm =
Finδin − Fslabδslab

Fdm
(5)  

where δin is the S isotope composition of bulk inputs (Table 4). 
The flux of S from the slab is a key parameter needed in order to 

constrain S mass balance through the subduction zone and can be 

modeled as a function of the δ34S of slab fluid, as shown in Fig. 9, where 
the calculated flux from the slab decreases as the δ34S of slab fluids in
creases. If the slab fluid contribution were very heavy, only a small 
amount of slab fluid would be required to explain the δ34S of arc outputs, 
and the mantle would be the dominant contributor to arc outputs. If the 
δ34S of slab fluids is close to that of arc outputs, then this would imply 
that slab fluids are the dominant source of S emissions, with little mantle 
contribution. Because the arc output is fixed (Table 2) and derived from 
both slab and mantle S (eq. 3) the mantle flux increases as the δ34S of 
slab fluids increases (Fig. 9). Thus, the δ34S of slab fluids is a key 
parameter in our model, determining the calculated S fluxes from slab 
and mantle, as well as the flux and isotope composition of S returned to 
the deep mantle. 

The correlations between δ34S, δ15N, and δ13C suggest that the 
endmember slab component has S isotope composition ~ + 8‰ (Fig. 3b 
and c). Note that in our model the δ34S of slab fluids is not dependent on 
the isotope composition of the subducted slab and is entirely indepen
dent of the S isotope composition of subducted components. Alterna
tively, Alt et al. (1993, 2012) have proposed that slab-derived sulfate- 

Fig. 8. Summary plots of modeled S inputs to SCAVA from the EPS and CNS slabs. Sulfur isotope compositions and fluxes for subducted lithologies and total inputs 
for EPS and CNS given in a and b, respectively. SO4/

∑
S and fluxes for subducted lithologies and total inputs for EPS and CNS given in c and d, respectively. Py/

∑
S 

and fluxes for subducted lithologies and total inputs for EPS and CNS given in e and f, respectively. 
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bearing fluids have an isotope composition of ~ + 14‰. Fig. 10 com
pares slab and mantle fluxes as a function of the isotopic composition of 
slab fluids for SCAVA, Nicaragua, and Costa Rica. The intersection be
tween the mantle fluxes for Nicaragua and Costa Rica occurs at ~ +

15‰, seeming to support the heavier slab fluid δ34S proposed by Alt 

et al. (1993, 2012) if the mantle S fluxes along the arc were relatively 
similar. Thus, we consider two cases of slab fluid composition in further 
evaluation of S mass balance fluxes and tempo of mantle oxidation, the 
first with δslab of +8‰ (Fig. 3) and the second with δslab of +14‰. Flux 
model results are presented in Table 5. 

Fig. 9. Results of S mass balance modeling as a function of the S isotope composition of slab-derived fluids (δslab). Panel a shows the conceptual model where arc 
outputs are derived from a mixture of slab- and mantle-derived S, as well as the legend for the curves shown in panels b-d. Sulfur input fluxes (Fin) and output fluxes 
(Fout) are fixed. Panels b, c, and d show the modeling results for SCAVA, Nicaragua, and Costa Rica, respectively. The S isotope composition of bulk outputs is the 
minimum value possible for δslab (orange values at the x axis origins) and would imply that all outputs are derived from the slab (i.e. Fslab = Fout) with no contribution 
from the mantle (Fmantle = 0). The heaviest value of δslab considered in the model is that of seawater sulfate (+21‰). The heavier the isotope composition of the slab- 
derived component, the lower the required flux thereof needed to account for the relatively heavy isotope composition of arc outputs. Uncertainties not shown for 
clarity (see Table 5). 

Fig. 10. Sulfur fluxes from the slab and mantle contributing to the arc output in Nicaragua (S output of 3.4 × 109 mols/100 km/yr with δ34S + 4.78‰) versus Costa 
Rica (S output of 1.9 × 109 mols/100 km/yr with δ34S + 2.3‰), as a function of the δ34S value of slab-derived fluid. The intersection between mantle fluxes for 
Nicaragua and Costa Rica occurs at ~ + 15‰. 
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4.1. Sulfur mass balance fluxes 

The constraints on Nicaraguan S input and output fluxes and isotope 
compositions require a flux of S from the slab of 2.0 ± 0.4 × 109 mols/ 
yr/100 km if the S isotope composition of the slab fluid is +8‰ 

(Table 5). This flux represents 56% of the S input at the trench (i.e. Fslab/ 
Fin), contributing to 61% of the arc output (i.e. Fslab/Fout) with the 
remaining 49% delivered from the mantle (i.e. Fmantle/Fout). In Costa 
Rica the S isotope composition of arc output is lower than in Nicaragua 
(+2.5 ± 0.7‰ versus +4.9 ± 0.8‰) requiring less delivery of isotopi
cally heavy from the slab. The output flux of S is also lower in Costa Rica 
than in Nicaragua. If δslab = +8‰, then a slab flux of 0.8 ± 0.2 × 109 

mols/yr/100 km is required for Costa Rica, significantly less than in 
Nicaragua and representing only 20% of the input flux at the trench. In 
this case, the relative contributions from slab and mantle to total S 
output flux from the Costa Rica arc are 32% and 68%, respectively and 
80% of the input flux at the trench is subducted beyond the arc to the 
deep mantle (Fdm/Fin). Considering SCAVA as a whole, a slab flux of 1.4 
± 0.3 × 109 mols/yr/100 km is required to account for the output flux of 
2.9 ± 0.8 × 109 mols/yr/100 km with δ34S of +3.9 ± 1.0‰. Thus, if δslab 
= +8‰ then ~37% of the total input is recycled back out through the 
arc and ~ 63% is subducted to the deep mantle. The total SCAVA output 
flux is composed of 49% slab S and 51% mantle S. 

A heavier slab fluid isotope composition means that less slab fluid is 
required to account for the arc output S isotope compositions and fluxes. 
With δslab = +14‰, a slab flux of 1.1 ± 0.2 × 109 mols/yr/100 km is 
calculated for Nicaragua, which is about half of the flux calculated for 
the case of δslab = +8‰, and represents 32% of the trench input 
(Table 5). In this case, 35% of the arc output is derived from the slab 
with the remaining 65% contributed from the mantle. The Costa Rica 
output flux and S isotope composition require just 11% contribution 
from slab fluids (0.5 ± 0.1 × 109 mols/yr/100 km) with δslab = +14‰. 
We calculate a slab S flux of 1.5 ± 0.3 × 109 mols/yr/100 km for SCAVA 
with this heavy fluid composition, representing 21% of the total input, 
significantly less than the 37% calculated with δslab = +8‰. Therefore, a 

Fig. 11. Time to oxidize the entire mantle wedge as a function of S oxidation 
state for the case of slab fluid flux modeled with δslab = +8‰ (brown line) and 
slab fluid flux modeled with δslab = +14‰ (blue line). Shaded regions indicate 
Monte Carlo errors. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Table 3 
Parameters used to calculate S inputs into SCAVA. The trench length of the EPR plate is 308 km and that of the CNS plate is 216 km, calculated perpendicular to the 
convergence angle from Syracuse and Abers (2006).   

Units Sediments 1σ AIC 1σ PIC 1σ Serpentinite 1σ Erosion 1σ 

EPR plate            
Thickness m 401 133 1750 583 3350 1115 1400 933 422 211 
Density kg/m3 715 64 2562 64 2934 36 2623 117 2562 64 
S Conc ppm 2432 322 1487 190 620 180 200 200 1487 190 
δ34S ‰ − 11.4 3.0 +3.0 1.6 +0.1 0.5 +6.6 1.9 +3.0 1.6 
SO4/

∑
S  0.209 0.038 0.152 0.067 0 0 0.566 0.184 0.152 0.067 

Py/
∑

S  0.791 0.142 0.799 0.049 0 0 0.195 0.077 0.799 0.049 
CNS plate            
Thickness m 240 160 3900 1524 4361 1452 467 311 1520 760 
Density kg/m3 670 46 2609 69 2934 36 2623 117 2609 69 
Concentration ppm 4953 629 634 60 620 180 200 200 634 60 
δ34S ‰ − 17.3 3.2 +0.9 0.4 +0.1 0.5 +6.6 1.9 +0.9 0.4 
SO4/

∑
S  0.065 0.013 0.152 0.090 0 0 0.566 0.184 0.152 0.090 

Py/
∑

S  0.935 0.185 0.694 0.070 0 0 0.195 0.077 0.694 0.070  

Table 4 
Total input fluxes, percentage contribution from the main lithologic packages, and bulk S isotope and speciation compositions calculated for the EPR and CNS segments 
of the subducted slab, as well as for total SCAVA input.    

EPR crust CNS crust SCAVA total input 

Total S flux mol/yr 1.1e10 ± 1.3e9 9.2e9 ± 1.4e9 2.0e10 ± 1.1e9 

Erosion % 10.2 ± 1.5 14.0 ± 3.2 11.9 ± 2.3 
Sedimentary % 4.4 ± 0.7 4.2 ± 1.2 4.3 ± 0.9 
AIC % 42.2 ± 5.1 36.0 ± 7.0 39.4 ± 6.0 
PIC % 38.6 ± 7.3 44.3 ± 9.2 41.2 ± 8.1 
Serpentinite % 4.6 ± 2.0 1.4 ± 0.6 3.1 ± 1.3 
Bulk δ34S ‰ +1.4 ± 0.5 − 0.2 ± 0.4 +0.7 ± 0.4 
SO4/

∑
S  0.12 ± 0.03 0.09 ± 0.02 0.10 ± 0.01 

Py/
∑

S  0.46 ± 0.05 0.39 ± 0.05 0.43 ± 0.02 
S6+ input flux mol/yr 1.25e9 ± 2.39e8 7.91e8 ± 1.45e8 2.04e9 ± 2.39e8 
S− input flux mol/yr 5.00e9 ± 4.71e8 3.57e9 ± 4.15e8 8.57e9 ± 6.22e8 
S2− input flux mol/yr 4.57e9 ± 5.81e8 4.80e9 ± 8.55e8 9.37e9 ± 2.44e8             
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slab fluid isotope composition δslab = +14‰ suggests a factor of ~2 
more efficient subduction of S to the deep mantle and proportionally less 
slab contribution to arc outputs. 

5. Implications for S cycling and mantle chemistry 

5.1. Preferential release of oxidized sulfur from the slab 

Our constraints on S input and output fluxes and their relative 
isotope compositions combined with mass balance modeling results 
show that the S isotope composition of slab fluids must be isotopically 
heavy relative to bulk inputs and that a significant proportion of S input 
is subducted beyond the arc to the deeper mantle. The assertion that 
these fluids must be isotopically heavy (+ 8‰ to +14‰) suggests that 
they are also oxidized, because the heavy isotope of S preferentially 
partitions into more oxidized S species (e.g. Evans et al., 2014) and 
further implies that oxidized sulfur is preferentially released from the 
slab beneath the arc. This is consistent with the findings of Tomkins and 
Evans (2015) who modeled the solubilities of anhydrite and pyrite in 
subducted oceanic crust and found that anhydrite breaks down at 
significantly lower temperatures than pyrite, arguing for preferential 
release of oxidized S beneath the subarc mantle. Furthermore, fluid 
release from the slab occurs at relatively low temperatures (620 ◦C – 
800 ◦C; Peacock et al., 2005) compared to magmatic processes (e.g. 
degassing; section 3.2.5) so isotopic fractionation between diverse S 
minerals in the slab and slab-derived fluids is inherently favored. 

Our sulfur isotope mass balance modeling for SCAVA indicates that 
20% to 40% of the subducted S is released from the slab and the heavy 
isotopic composition (required by the fact that arc outputs are isotopi
cally heavy) of this fluid suggests that sulfur is dominantly released in a 
relatively oxidized state. However, the S6+/

∑
S value in the bulk sub

ducted slab is low and in the range of 0.09 to 0.12. The total S6+ flux into 
SCAVA is calculated at 2.04 ± 0.24 × 109 mol/yr (Table 4) whereas the 
flux of (oxidized) S from the slab is calculated at 7.4 × 109 to 4.2 × 109 

mol/yr. This could suggest that there is significantly more oxidized S in 
the downgoing slab than suggested by available drill hole data and is 
consistent with the idea that faulting on the outer rise just before sub
duction drives significant seawater circulation and fixation of sulfate (e. 
g. Alt et al., 2013). No holes have been drilled into the post-outer rise 
subducting slab, therefore this is an open question. Alternatively, S may 
be oxidized in the downgoing slab during subduction by reaction with 
oxidized elements such in the slab such as Fe3+ (Walters et al., 2020) and 
carbonate, both of which are abundant (Evans, 2012). 

5.2. Tempo of mantle wedge oxidation 

Sulfur in slab-derived fluids is potentially a strong oxidant, playing 
an important role in the redox state of arc magmas. The mass balance 
modeling of the flux of S released from the slab allows for a novel 
approach to assess the tempo of mantle wedge oxidation due to sulfur 
release from the slab. If the S flux from the slab and the redox state 
thereof are known, the oxidizing potential of the slab fluids can be 
calculated. We model this process as the time it would take to increase 
all the oxidation state of iron in the mantle wedge from Fe3+/

∑
Fe 0.15 

to 0.25 (Kelley and Cottrell, 2009), given the calculated S flux from the 

slab (Figs. 9 and 10). The total moles of Fe in the mantle wedge is 
calculated from the trench length (524 km), the distance from the trench 
to the volcanic arc (173 km), and an FeO content of 8 wt% (Syracuse and 
Abers, 2006; Workman and Hart, 2005). The number of moles of elec
trons lost from Fe2+ needed to raise Fe3+/

∑
Fe in the mantle wedge from 

0.15 to 0.25 is then calculated. Sulfur in slab fluids is likely oxidized, as 
argued above, but the specific oxidation state of these fluids is not 
known. The more oxidized the S in the slab fluids, the less time required 
to oxidize mantle Fe from Fe3+/

∑
Fe 0.15 to 0.25. To illustrate, if S 

released from the slab were in its most oxidized state (S6+) every mole of 
S fluxed from the slab could accept electrons from 8 mol of Fe2+, pro
ducing S2− and Fe3+. If slab-derived S were in the S2+ state, every mole 
of S fluxed from the slab could accept 4 mol of electrons from Fe2+. 
Therefore, the time to oxidize the mantle wedge would be a factor of two 
lower in the case of slab fluids with S2+ compared to the case of slab 
fluids carrying S6+. 

Given the framework described above, we model the time to oxidize 
the mantle wedge as a function of the redox state of S in the slab fluid 
(Fig. 11) for SCAVA considering the two cases of δslab composition 
(section 4.1). The entire mantle wedge can be oxidized within the life
time of the arc (~71 Ma; Gazel et al., 2021) if the slab fluids have S redox 
state higher than ~1 for the higher slab flux scenario associated with 
δslab of +8‰. Alternatively, the S redox state would have to be signifi
cantly higher (~4) if the lower slab flux scenario is considered (i.e. with 
δslab of +14‰). Here it is important to note that it is not necessary to 
oxidize the entire mantle wedge to generate oxidized arc basalts. Rather, 
only the volume directly affected by metasomatic fluids need undergo 
oxidation (Evans and Tomkins, 2011; Brounce et al., 2015). The 
Nicaraguan arc, characterized by higher S output and isotopically 
heavier S emissions, suggests higher flux of oxidizing slab fluids to the 
mantle wedge. Costa Rican volcanism is associated with lower S output 
and isotopically lighter S emissions, suggesting lower flux of oxidizing 
slab fluids to the mantle wedge and less oxidizing potential. 

Rielli et al. (2017) considered SO4
2− (6+ redox state) and S3

−

(average redox state of 0.33-) as possible S species in slab-derived fluids. 
Both of these species are oxidizing agents capable of oxidizing Fe2+ by 
reduction of S to the 2- redox state, with SO4

2− capable of oxidizing 8 
mols of Fe per mol of S. Brounce et al. (2014) showed a positive corre
lation between Ba enrichment and oxidation state in arc basalts, 
consistent with the breakdown of subducted sedimentary barite (BaSO4) 
during subduction. The more efficient release of sulfate from the slab in 
Nicaragua (relative to Costa Rica) is consistent with high Ba/La (Fig. 3f), 
the heavier S isotope compositions in arc emissions and higher modeled 
slab-derived S flux. 

It has been recognized that carbon plays an important role in sub
duction oxidation, during the reduction of slab-derived C to diamond or 
graphite (e.g. Rielli et al., 2017). Our data show that heavy δ34S in arc 
emissions is also associated with high CO2/St (Fig. 3d), attributed to 
greater contribution of slab-derived carbon (Aiuppa et al., 2014). Thus, 
the oxidizing potential of Nicaraguan slab fluids may be further 
enhanced by higher C/S than Costa Rican slab fluids. 

5.3. Sulfur subduction to the deep mantle 

If isotopically heavy S is preferentially released from the slab, this 

Table 5 
Mass balance modeling results for S fluxes for δslab = +8‰ and δslab = +14‰. Fluxes given in mols/yr/100 km.   

δslab Fin ± Fout ± Fslab ± Fmantle ± Fdm ± δdm ± Fslab/ 
Fin 

Fslab/ 
Fout 

Fmantle/ 
Fout 

Fdm/ 
Fin 

Nicaragua 8 3.5e9 4.2e8 3.2e9 8.8e8 2.0e9 3.6e8 1.3e9 2.7e8 1.6e9 4.3e8 − 6.83 5.36 0.56 0.61 0.39 0.44  
14 3.5e9 4.2e8 3.2Ee9 8.8e8 1.1e9 2.0e8 2.1e9 3.5e8 2.4e9 3.1e8 − 4.44 1.82 0.32 0.35 0.65 0.68 

Costa Rica 8 4.2e9 6.6e8 2.6e9 6.8e8 8.3e8 1.8e8 1.8e9 3.0e8 3.4e9 4.2e8 − 2.17 0.69 0.20 0.32 0.68 0.80  
14 4.2e9 6.6e8 2.6e9 6.8e8 4.8e8 1.1e8 2.1e9 3.3e8 3.8e9 3.9e8 − 1.96 0.55 0.11 0.18 0.82 0.89 

SCAVA 8 3.8e9 2.1e8 2.9e9 8.0e8 1.4e9 3.0e8 1.5e9 3.1e8 2.4e9 3.2e8 − 3.58 1.62 0.37 0.49 0.51 0.63  
14 3.8e9 2.1e8 2.9e9 8.0e8 8.0e8 1.7e8 2.1e9 3.5e8 3.0e9 2.1e8 − 2.86 1.04 0.21 0.28 0.72 0.79  
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must be accompanied by retention in the residual slab of S that is more 
isotopically negative (δdm; Fig. 9) than the bulk subduction inputs. The 
amount and isotope composition of S subducted beyond the arc will 
depend on how much S is lost from the slab and the S isotope compo
sition of the fluids that were lost (i.e. δslab). For the case of SCAVA and 
δslab = +8‰, we calculate that 2.4 ± 0.3 × 109 mols/yr/100 km is 
subducted beyond the arc, carrying a sulfur isotope composition of − 3.6 
± 1.6‰ into the deep mantle (Table 5). If δslab = +14‰ then the flux of S 
to the deep mantle is 3.0 ± 0.2 × 109 with δ34S = − 2.9 ± 1.0‰. 

The bulk S isotope composition of Earth’s surface reservoirs (crust +
oceans) is ~ + 3‰ (Canfield, 2004). The subduction of isotopically 
negative S to the deep mantle, with isotopically heavy S recycled to the 
surface through subduction zones, is a reasonable explanation for the 
positive S isotope composition of the surface reservoir. If the total sulfur 
surface inventory of the Earth (ocean + crust = ~5.33 × 1020 mols S) is 
divided by the S flux from the mantle (~2.67 × 1012 mols/yr S) the 
mean degassing duration for S of 2 × 108 yrs. is derived (Hilton et al., 
2002). This value is low compared to more volatile elements such as CO2 
(2 × 109 yrs), N2 (2 × 1011 yrs), and 3He (9 × 1010 yrs), indicating 
relatively efficient sulfur exchange between the surface and mantle 
reservoirs (Hilton et al., 2002). If we consider the value of − 3‰ for the 
isotope composition for S delivered to the deep mantle through sub
duction (δdm; Table 5), then ~5.33 × 1020 mols of subducted S must 
balance the isotope composition and mass of S in the current surface 
reservoirs. If the S content of the primitive mantle is 250 ppm (McDo
nough and Sun, 1995), then the lower mantle contains ~1.5 × 1022 mols 
of S and introduction of 2.7 × 1020 mols of subducted S with an isotope 
composition of − 3‰ would result in only minor modification of the S 
isotope composition of the mantle (~ 0.1‰) if well mixed. 

It is important to consider that the size and sulfur isotope composi
tion of the surface reservoir has changed over geologic time (Canfield, 
2004). During periods of sulfidic oceanic conditions and high pyrite 
subduction, the δ34S of the surface reservoir may have been as high as 
+20‰, and the surface inventory was up to ten times that of the present 
surface inventory (Canfield, 2004), suggesting enhanced subduction of 
isotopically light S. Notably, both positive and negative δ34S values are 
observed in OIB, diamond inclusions, and upper mantle-derived rocks 
(Sakai et al., 1984; Labidi et al., 2013, 2015; Delavault et al., 2016; 
Beaudry et al., 2018; Smit et al., 2019; Dottin III et al., 2020) suggesting 
that the mantle is not well mixed with respect to S. The S isotope 
composition of subducted pyrite has also varied significantly over time. 
Indeed, during the early Phanerozoic and Neoproterozoic the δ34S of 
sedimentary pyrite was isotopically positive, with average values in the 
range of ~ + 10‰ and ranging up to +50‰ (Strauss, 1997; Canfield, 
2004), likely contributing to mantle heterogeneities when subducted. 

6. Conclusions 

Sulfur isotope compositions of high temperature volcanic gases from 
Nicaragua (average of +4.8 ± 1.4‰) and Costa Rica (+2.3 ± 1.3‰) 
exhibit correlations with along-arc geochemical tracers consistent with 
mixing between mantle fluids with δ34S ~ 0‰ and an isotopically heavy 
slab-derived endmember with δ34S greater than +7‰. The total S output 
budget of the Southern Central American Volcanic Arc is strongly 
dominated by degassing from open vent volcanoes and excess S 
degassing is thus observed at the regional scale and is not limited to 
individual volcanic eruptions. Mass balance modeling of subduction 
inputs indicate that bulk S input (+0.7 ± 04‰ for the whole SCAVA 
system) is significantly lighter than arc outputs, suggesting that isoto
pically heavy oxidized S is preferentially released from the slab at sub- 
arc depths. Mass balance modeling of S recycling through the subduc
tion zone indicates that 20% to 40% of the total subducted S is released 
from the slab and recycled back to surface reservoirs. This flux of 
oxidized S is enough to oxidize the entire mantle wedge within the 
lifetime of the arc if the average oxidation state of S in the slab-derived 
fluids is greater than 1+. Our modeling predicts that primitive magmas 

from the Nicaraguan arc segment are more oxidized than those in Costa 
Rica due to the greater influence of slab fluids on magma genesis. 
Considering that isotopically heavy sulfur is preferentially released from 
the slab, it stands to reason that residual reduced slab S introduced to the 
deep mantle must be isotopically negative. Sedimentary sulfides from 
the early Phanerozoic and Proterozoic, however, are isotopically posi
tive suggesting that reduced S retained in subducting slabs in the early 
Earth may have introduced positive δ34S values to some regions of the 
deep mantle. 
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