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ABSTRACT 

The sulfur contents and sulfur isotopic compositions of 24 glassy submarine volcanics from the Mariana Island Arc and 
back-arc Mariana Trough were determined in order to investigate the hypothesis that subducted seawater sulfur (t~345 = 

21%o) is recycled through arc volcanism. Our results for sulfur are similar to those for subaerial arc volcanics: Mariana Arc 
glasses are enriched in 345 (t~345 = up to 10.3%o, mean = 3.8%o) and depleted in S (20-290 ppm, mean = 100 ppm) relative 
to MORB (850 ppm S, t~345 = 0.1 "}" 0.5%o) .  The back-arc trough basalts contain 200-930 ppm S and have 634S values of 
1.1 + 0.5%0, which overlap those for the arc and MORB. The low sulfur contents of the arc and some of the trough glasses 
are attributed to (1) early loss of small amounts of sulfur through separation of immiscible sulfide and (2) later vapor-melt  
equilibrium control of sulfur contents and loss of sulfur in a vapor phase from sulfide-undersaturated melts near the 
minimum in sulfur solubility at f O  2 -- NNO (nickel-nickel oxide). Although these processes removed sulfur from the melts 
their effects on the sulfur isotopic compositions of the melts were minimal. Positive trends of 6 348 with S7Sr/86Sr, LILE and 
LREE contents of the arc volcanics are consistent with a metasomatic seawater sulfur component in the depleted sub-arc 
mantle source. The lack of a 34S-rich slab signature in the trough lavas may be attributed to equilibration of metasomatic 
fluid with mantle material along the longer pathway from the slab to the source of the trough volcanics. Sulfur is likely to 
have been transported into the mantle wedge by metasomatic fluid derived from subducted sediments and pore fluids. 

Gases extracted from vesicles in arc and back-arc samples are predominantly H 2 0  , with minor CO 2 and traces of H2S 
and SO 2. CO 2 in the arc and back-arc rocks has 613C values of -2 .1  to -13.1%o, similar to MORB. These data suggest 
that degassing of CO 2 could explain the .slightly lower t513C values for some Mariana Trough volcanic glasses, and that 
incorporation of subduction-derived organic carbon into the Mariana Trough mantle source may not be necessary. More 
analyses are required to resolve this question, however. 

I. Introduction 

Subduction of oceanic lithosphere at conver- 
gent margins is an important global process that 
carries altered oceanic crust and sediments into 
the mantle, contributing to geochemical and iso- 
topic heterogeneites there. The subducted slab 
also provides metasomatic fluids that induce 
melting in the overlying mantle wedge and alter 
its trace element and isotopic compositions, which 
are reflected in island-arc lavas. Rocks from the 
Mariana and other island and continental arcs 
are enriched in 345 (~345 up to 21%0) relative to 
M O R B  G534S ~ 0%o); this has been attributed to 
differences in the respective mantle sources, and 

specifically to recycling of seawater sulfate (t~345 
= 21%o) or altered oceanic crust into the upper  
mantle source region for arc magmas [1-5]. Prob- 
lems of contamination and degassing complicate 
the interpretation of the arc sulfur data, however. 
Both intrusive and volcanic subduction related 
rocks from continental arcs are enriched in 348 
[1,2,5], but their setting in continental crust can 
result in assimilation of sedimentary sulfide or 
evaporitic sulfate [1,5]. The basaltic and andesitic 
volcanics from the Japanese and the Mariana 
island arcs have low S contents ( <  100 ppm) and 
widely varying 634S values ( - 0 . 5  to +20.7%o 
[3,4,6]). All of the isotopic data and most of the S 
content data are for crystalline rocks from sub- 
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aerial volcanoes, however, and may be signifi- 
cantly affected by degassing. Moreover, at the low 
S contents observed the rocks could easily be 
contaminated by sulfur in volcanic gases, ground- 
water or sea salts, which would contribute to the 
wide scatter in measured ~34S values. 

In order to test the hypothesis that seawater- 
derived sulfur is recycled through the upper man- 
tle into arc volcanics, a study of the content and 
isotopic compositions of sulfur in glassy subma- 
rine volcanics from the Mariana Island Arc was 
undertaken. Glassy submarine rocks were se- 
lected because degassing effects should be mini- 
mized by the rapid quenching of the glass and by 

the higher confining pressures of the overlying 
water column [7]. Contamination effects are mini- 
mized because the lack of intergranular pore 
space in the glass limits penetration of contami- 
nating sulfur-bearing solutions (e.g., seawater or 
groundwaters), and altered samples can be elimi- 
nated through careful cleaning and selection of 
unaltered fragments for analysis. Glassy rocks 
from the Mariana Trough back-arc basin (BAB) 
were also analyzed to investigate whether a 34S- 
enriched 'arc'  sulfur component might be pre- 
sent, and to determine whether BAB rocks could 
be distinguished from both arc and MORB glasses 
on the basis of sulfur geochemistry. 
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Fig. 1. Bathymetry of the Mariana Island Arc and back-arc trough. • = principal submarine volcanoes. Sampled arc volcanoes (bold 
lettering) and sampled back-arc areas (stippled boxes) are indicated. Modified from [10]. 
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2. Sampling and methods 

The Mariana Island Arc is located in the west- 
ern Pacific (Fig. 1) and is situated on oceanic-type 
crust [8]. West of the island arc, active back-arc 
spreading occurs within the Mariana Trough, 
which intersects the northern end of the arc at 
about 23°N (Fig. 1). Geophysical data together 
with dredging and drilling in the Mariana fore-arc, 
east of the arc, indicate the absence of an accre- 
tionary prism and suggest that sediment and 
probably fore-arc crust are being subducted be- 
neath the Mariana Arc [8]. 

Fourteen samples from the northern seamount 
province of the active Mariana Arc were analyzed 
(Tables 1 and 2). Ten of these were obtained by 
dredging of several submarine volcanoes along 
the volcanic front (Iwo Jima, Fukujin, Eifuku and 
South Daikoku) at collection depths of 828-1605 
m [6,9-12]. Four samples were also obtained by 
submersible from the Kasuga arc volcanoes (K2, 
K3, and the platform between) at water depths of 
1975-2920 m [13]. The Kasuga seamounts form a 
linear cross-chain extending about 80 km into the 
back-arc basin from the volcanic front south of 
Fukujin (Fig. 1). The arc rocks are mainly basalt 
and andesite, but range to alkalic high-K tra- 
chyandesites on Iwo Jima and include an ab- 
sarokite on Kasuga 3 (K3). The ten glassy basalt 
samples from the back-arc trough were sampled 
by submersible and dredging at two general loca- 
tions, 18 ° and 22°N [14,15]. 

Polished thin sections were examined for the 
presence of sulfide minerals and to check for 
microscale alteration of glass that might affect 
the analyses. Sections of the crystalline part of 
the rocks from which glass was sampled were also 
examined. Samples were classified into three types 
(Table 2): 'glass' consists of clear, unaltered vol- 
canic glass without or with only traces of crystal- 
lites, 'glassy' samples contain abundant microlites 
or varioles in a matrix of fresh glass, and 'micro- 
crystalline' samples are composed mainly of finely 
crystalline material set in a groundmass of fresh 
glass. 

The samples were crushed to 1 mm fragments, 
washed in distilled water, and hand-picked under 
a binocular microscope to select glass free of 
coatings and alteration. The picked samples were 
ultrasonically washed twice in 10% HC1 for 10 

min each time, then were ultrasonically washed in 
distilled water three times for 10 min each time 
and subsequently examined under a binocular 
microscope to remove any undesirable fragments. 
This cleaning technique is similar to that used on 
submarine MORB and OIB volcanic glass for S 
analyses [16,17]. The samples were ground to 
powder and total sulfur was extracted with Kiba 
reagent (dehydrated phosphoric acid with SnC12 
added) in an N 2 atmosphere at 280°C [18] and 
precipitated as Ag2S. The latter was combusted 
under vacuum with Cu 2 0  to make SO 2 gas for 
isotopic analysis. Sulfur isotope ratios are re- 
ported in standard delta notation relative to the 
Canyon Diablo Troilite (CDT). Replicate analysis 
of standards yields a standard deviation of less 
than 0.2%o, although repeated extractions and 
analyses of samples are reproducible within 
0.5%o. Absolute variations in S content from 
Kiba extractions are less than 10% of reported 
values. Multiple tests of the washing, extraction 
and analysis techniques on a sample of MORB 
glass yielded a 834S value of + 0.4 _+ 0.2%o (ltr ,  
Table 1), within the range for MORB glass (834S 
= +0 .1  + 0.5%o [17,19]). 

In an attempt to extract S-bearing gases con- 
tained in vesicles in the glass, vacuum crushing 
experiments were undertaken for several samples 
(Kasuga and 18°N trough samples). Approxi- 
mately 5-20 g of cleaned, picked sample were 
placed in a stainless steel tube, which was evacu- 
ated and then crushed in a hydraulic press. The 
tube was heated to 200°C, and the gases released 
(H20 ,  CO2, SO 2 and H2S) were separated by 
vacuum distillation. H2S was converted to SO 2 by 
reaction with Cu20  at 950°C. Test separations of 
mixtures of standard gases gave yields within 15% 
of starting values, and isotopic analyses of sepa- 
rated gases were within 0.2-1.0%c of original 
values. 

3. Results 

The arc rocks all have low S contents, ranging 
from 20 to 290 ppm S (Table 1). The two alkalic 
rocks from Iwo Jima have the highest S contents 
of the arc rocks (170-290 ppm), whereas the 
other samples are all less than 200 ppm, averag- 
ing 70 ppm S. Our average for Fukujin (40 ppm) 
is similar to the average S content determined 
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TABLE 2 

Petrography of Mariana and Trough samples 

Mariana An Sample *Texture *Sulfides 
Iwo Jima 5-2 gl nd 

7-2 gly nd 

Fukujin 77kk15161 gly 

MV 1580 gly 

MV 15117 gly 

MV 15146 gly 
D 35-1-4 mxl 

Kasuga 1880-3 (K2) gl 

1883-5 (platform) gl 

1884-10 (K3) gl 

1885-6 (K3) gl 

Eifuku D 31-3-I gly 

S. Daikoku D 25-3 mxl 

D 25-14 gly 

(rare) 1 0-15um in late-crystallizing 
areas; 10urn py attached to mt in 
xenocrystic "clot" of mt+ol+pl 
(common)l-8um py lining vesicles 
partly replaced by Feox 
interstitial 2-10am cp globules 
4-15urn po,py (cp?) lining vesicles 
1 0-20urn po+/-ep(+pn?) inclusions 
in mt xenocryst and in cpx+mt of 
mt+cpx÷mt+ap xenocrystic "clot" 
*(common)l-10um py lining vesicles 
(v.rare~<l-5um interstital py, cp 
1-4urn py/po,cp lining vesicles 
lure cp inclusion in pl phenocryst 

(v.rare)2-3um po,py lining vesicles, 
partly repl. by Fe-oxide 
(v.rare)l-4um sulfides lining vesicles 
partly mpl. by Fe-oxide; 2urn po 
inclusion in ol 
(rare) 2um py,cp lining vesicles; 
1-2urn po inclusion in ol phenocryst 
1-10um py lining vesicles 

(common) 2-10urn py,po lining 
vesicles; (rare)interstital 5-8um po 

(common) <l-10um py,po lining 
vesicles; 2um cp inlcusion in pl pheno. 
(v.rare) interstital 10urn cp+mt; 
2urn cp inclusion in mt xenocryst; 
10um ep interstital in pl+epx+mt 
xenocrystic clot 

Akerat~n 

trace cc, Feox, 
2ndary cp in cc 
veinlet 

% Phenos Phenos % Vesicles 
3 pl 2 
7 pl,ol 3 

10 pl,mt~l 3 

1 pl,cpx 10 

1 pl,cpx,mt 10 

A 10 
20 pl,opx 1 

10 ol,cpx,sp 50 

10 ol,cpx 30 

10 ol,sp 25 

5 ol 30 

20 pl,ol,cpx 5 

20 pl,ol,cpx 5 

5 pl, cpx 1 

Back-Arc Trough 
18oN 1834-3 gl na 10 pl <1 

1838-13 gl na 1 pl 15 
1839-3 gl na 5 pl 5 
1841-18 gl na 10 pl 3 
1846-9 gl na 10 pl 15 
1846-12 gl na A 5 

21oN 1881-4 gl (rare) 1-5um py lining vesicles 5 pl,ol,cpx 10 
D 65-4 gl (rare) <1 um py/po lining vesicles A 15 
D 67-10 gl 1-2urn po/py lining vesicles A 1 

(rare) 2-5urn po/py in glass 
(v.rare) 2am po/py lining vesicles D 68-4 gl 10 pl 

MORB 87MWl 2 87-6-7 gl na 

Textural  abbreviations are in the footnote to Table 1. na and n d =  not analysed and not determined, cp = chalcoppyrite 
cpx = clinopyroxene; m t  = magneti te;  ol = olivine; opx = orthopyroxene; pl  = plagioclase; p o  = pyrrhotite; p y  = pyrite; sp = spinel 
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previously by mass spectrometry for four glassy 
samples from Fukujin (60 ppm [6]). The BAB 
basalts range from 200 to 930 ppm S, with a mean 
of 610 ppm. These values overlap the low end for 
MORB glasses (640-1800 ppm [7,17,19]), but ex- 
tend to even lower values and overlap the highest 
S contents for the arc samples. 

Most of the arc samples have 834S values of 
+ 1.4 to +5.5%o (Table 1), and tend to be en- 
riched in 34S relative to MORB glass (634S = 
+0.1 + 0.5%o [17]). The absarokite from Kasuga 
Seamount has the lowest ~348 value measured for 
any of the arc samples ( + 0.1%o), and one sample 
from Fukujin has a high 834S value of 10.3%o 
(Table 1). The BAB basalts have 634S values 
ranging from +0.3 to + 1.9%o, with a mean of 
+ 1.1 + 0.5%o (Table 1). These values fall approx- 
imately between those for MORB and those for 
the arc rocks. 

Sulfur contents and ~348 values have previ- 
ously been reported for basalt glasses from the 
Mariana Trough and from the Sumisu Rift back- 
arc spreading center [20,21]. The results indicate 
sulfur contents of 130-699 ppm, similar to those 
reported in Table 1. The previously reported 
634S values for Mariana Trough and Sumisu Rift 
back-arc basalts are somewhat lower than those 
in Table 1, averaging - 0 . 7  + 0.5%o [20,21]. The 
cleaning technique used by these two studies (3N 
HCI at 60°C for 1 h) was more aggressive than 
that used in our study (room temperature in 10% 
HC1 twice for 10 min each time plus distilled 
water rinse), and could easily have leached sul- 
fide minerals or even sulfur dissolved in the glass. 
If the sulfur lost had high 834S values (e.g., 
sulfate dissolved in glass, and vesicle-lining sul- 
fides formed from SO 2 vapor - - see  below), this 
could account for their lower values. 

With the exception of the Iwo Jima samples, 
where no sulfides were observed, the arc rocks 
generally contain trace amounts of sulfide miner- 
als. The most common occurrence of sulfides in 
the arc rocks is the < 1-10 /xm pyrite and 
pyrrhotite crystals lining vesicles (Table 2 and 
Fig. 2A). These are similar to the sulfide blebs 
lining vesicles in MORB glass, which are inter- 
preted to have formed by reaction of sulfur in the 
gas phase contained in the vesicle with Fe in the 
glass of the vesicle walls [7,22]. Small ( <  1-10 
/zm) anhedral grains and globules of pyrite and 

Fig. 2. Back-scattered electron photomicrographs of sulfide 
minerals in Mariana Arc volcanics. (A) Pyrite bleb (py)  lining 
vesicle wall. Sample 15117 from Fukujin. (B) Pyrrhotite (po) 
and Cr-spinel (sp) inclusions in olivine phenocrysts. Sample 
1884-10 from Kasuga. (C) Pyrrhotite (po) inclusions in mag- 
netite phenocryst associated with plagioclase + olivine crystal 

clot. Sample 15117 from Fukujin. 
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chalcopyrite (_+magnetite) occur very rarely in 
the arc samples, as interstitial grains and in late- 
crystallizing areas of some glassy and microcrys- 
talline samples (Table 2). These are fairly com- 
mon in thin sections of the crystalline parts of 
most of the arc rocks, and are attributed to 
sulfide saturation during progressive crystalliza- 
tion of the rocks. Six of the fourteen arc samples 
contain trace amounts of sulfides as inclusions in 
phenocrysts (Table 2 and Fig. 2B). Like the arc 
rocks, the BAB glasses contain trace amounts of 
small ( <  1-5 /xm) pyrite and pyrrhotite grains 
lining vesicles. Only rarely were immiscible sul- 
fide globules observed in the glass itself (Table 2). 

Gases were extracted by vacuum crushing from 
three of the Kasuga Arc samples and from two of 
the 18°N trough samples. The recovered gases 
are predominantly H 2 0  , with minor CO2, and 
traces of SO 2 and HzS. Although SO2 and HzS 
produced small deflections on the vacuum gauge, 
even the largest sample (approximately 20 g) did 
not produce enough SO 2 or HzS to measure in 
the manometer  (less than 1 /~mole) or analyze S 
isotope ratios. Sufficient CO 2 for C-isotopic mea- 
surements was obtained from the vesicles from all 
the samples crushed, however. CO 2 from the 
three Kasuga samples has 613C values ranging 
from - 2 . 1  to -13.1%o,  whilst that from the two 
trough samples has values of about - 6 % 0  (Table 
1). 

4.  D i s c u s s i o n  

Volcanics from the Mariana Island Arc are 
enriched in LILE (K, Rb, Sr, Ba) and LREE, 
contain more radiogenic Sr and Pb, and are de- 
pleted in HFSE (Ti, Nb, Ta) compared to MORB 
[4,9-13,23,24]. The low HFSE contents of arc 
lavas are generally attributed to removal of these 
elements from the mantle source during prior 
partial melting and extraction of MORB liquids, 
whereas the LILE and L R E E  enrichments are 
interpreted to be the result of subsequent meta- 
somatism of the depleted sub-arc mantle by hy- 
drous fluids or melts derived from the subducting 
slab. 

The volcanic glasses analyzed in this study 
exhibit generally positive correlations of 334S val- 
ues with 878r/86Sr, LILE and L R E E  contents 
from MORB to the back-arc trough to the arc 
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Fig. 3. Sulfur isotope ratios and S contents versus SVSr/S6Sr 
for Mariana Arc and back-arc trough samples• General trends 
of increasing 634S contents with increasing S7Sr/S6Sr from 
MORB to trough to arc samples are attributed to metasoma- 
tism of the mantle by a subduction component. Absarokite 
sample from Kasuga falls off the main trend. MORB glass 
data from [19]. Because S and Sr isotopic analyses were not 
made on the same samples from Eifuku and South Daikoku, 
these data are plotted as boxes representing the range of 
measured 634S values in Table 1 and of reported 87Sr/S6Sr 

values from [12] (six Sr isotopic analyses for each volcano). 

(e.g., Figs. 3A and 4), whereas sulfur contents 
decrease in the same order (e.g., Fig. 3B). These 
trends suggest that the 34S enrichments may re- 
sult from metasomatism of the mantle by a slab- 
derived component, and that the metasomatized 
mantle source might also be depleted in S. In 
order to test these hypotheses, processes affect- 
ing the sulfur contents of the lavas must be as- 
sessed, and the effects of these processes on the 
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1) and reported La contents [1l] (six La analyses for each 

volcano). 

isotopic compositions of sulfur in the rocks evalu- 
ated. 

4.1 Partial melting 

If  arc magmas are derived from melting of 
mantle that has been depleted during prior ex- 
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traction of M O R B  liquids, the sulfur contents of 
arc melts may be limited by the amount of sulfur 
remaining in the depleted mantle source. The 
presence of immiscible sulfide in residual peri- 
dotites, cumulate gabbros, as inclusions in MORB 
phenocrysts, and in MORB glasses all indicate 
that MORBs are saturated with sulfide during 
melting and throughout most of their crystalliza- 
tion history [25-28]. Extraction of 15-20% 
MORB melt containing 800-1000 ppm S [7,17] 
from primitive mantle having a sulfur content of 
200 ppm [29] would leave 0-90 ppm S in the 
residual depleted mantle. Boninites, which are 
generally accepted as being derived from large- 
fraction partial melts of depleted mantle under 
hydrous conditions, are interpreted to reflect sec- 
ond-stage, S-undersaturated melting of such a 
depleted mantle source [25]. Because S behaves 
as an incompatible element during melting a 30-  
35% partial melt of residual peridotite containing 
50 ppm S would be limited by the amount of 
sulfur in the source and would have a sulfur 
content of only 140-170 ppm, generally consis- 
tent with the low S contents of glassy boninites 
( <  130 ppm [25]). The effects of two-stage melt- 
ing and variable sulfur saturation state are also 
reflected in the chalcophile element contents of 
MORBs and boninites. During melting and dif- 
ferentiation of MORB,  chalcophile elements (e.g., 
Cu, Pt, Pd) are fractionated into residual and 
cumulate sulfide phases, which are later wholly 
incorporated into the S-undersaturated, second- 
stage boninitic melts, resulting in the high chal- 
cophile element contents of boninites compared 
to M O R B  [25,26]. 

Most arc rocks probably formed by smaller 
degrees of partial melting than boninites, how- 
ever. A typical 15-20% partial melt of residual 
mantle containing 50-90 ppm S would contain 
330-600 ppm S. Although in this case the S 
content of the melt  is still limited by the amount 
of sulfur in the source, the sulfur content of the 
melt is greater  than that measured in the arc 
glasses (mostly < 200 ppm, Table 1), suggesting 
that other processes caused the low sulfur con- 
tents of the arc melts. 

Because arc magmas may be derived from a 
mantle source from which a M O R B  melt has 
already been removed, it is necessary to constrain 
the sulfur isotopic composition of the depleted 
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mantle residue. At f O  2 less than about NNO 
(nickel-nickel oxide), sulfur is dissolved in sili- 
cate melts mainly as S 2- complexed with Fe 2+, 
whereas at f O  2 greater than NNO the dominant 
sulfur species in the melt is SO42-, presumably 
complexed as CaSO 4 [30-34]. Because MORBs 
are generated at low f O  2 [1-2 log units below 
FMQ (fayalite-magnetite-quartz)] ,  essentially all 
the sulfur in both the basalt melt and residual 
peridotite should be present as sulfide [27], and 
isotopic fractionation between oxidized and re- 
duced sulfur can be ignored. At the high temper- 
atures of mantle partial melting, fractionation of 
sulfur isotopes between sulfide in the MORB 
liquid and in the residuum should be negligible. 
The amount of fractionation of sulfur isotopes 
during removal of sulfide from silicate melts is 
not known, but the 634S values of unaltered 
cumulate seafloor gabbros (634S = 0.8 _+ 0.9%o 
[28]) containing cumulate sulfide minerals are 
essentially identical to those of MORB volcanic 
glasses (0.1 _+ 0.5%o, [17]), suggesting that no sig- 
nificant isotopic fractionation occurs during re- 
moval of sulfide from the magma. Thus, the 
residual MORB mantle should retain its primary 
sulfur isotopic signature of near 0%o. 

There is a systematic increase in the propor- 
tion of sulfate to total S in silicate melts with 
increasing H 2 0  contents and fO2,  from SO4/~S  
< 0.1 for most MORB to approximately equal 
proportions of SO 2-  and S 2- in arc basaltic 
andesites and andesites at f O  2 ~ NNO to 1 log 
unit above NNO [27,30-34]. Because of the pres- 
ence of significant amounts of both reduced and 
oxidized sulfur in arc melts, fractionation of sul- 
fur between oxidized and reduced species can 
affect the isotopic composition of the melt during 
partial melting and during separation of immisci- 
ble sulfide from the melt. 

In order to address the question of whether 
the 34S enrichments of the arc lavas could be 
produced by fractionation from a mantle contain- 
ing MORB-like sulfur (~34S = 0.1%o), the iso- 
topic compositions of sulfur in coexisting silicate 
melt and mantle source were calculated for equi- 
librium batch partial melting under conditions 
where the amounts of sulfate and sulfide in the 
melt are equal. A value of 7.5%o was used for the 
fractionation of S isotopes between sulfate and 
sulfide in the melt 34 (3 Sso4= -634Ss2- [16,17]), 

and it was assumed that isotopic fractionation 
between sulfide in the melt and that in the source 
is negligible. For 15-20% melting of primitive, 
undepleted mantle containing 200 ppm S and 
having a 634S value of MORB (0.1%o), total 
sulfur in the melt has 634S = 0.8-1.6%o, so par- 
tial melting cannot produce the measured high 
634S values of the arc glasses. Furthermore,  if arc 
melts are derived from depleted mantle the melts 
may be S-undersaturated with essentially all sul- 
fur partitioned into the melt, resulting in negligi- 
ble isotopic fractionation. Thus, the sulfur iso- 
topic compositions of partial melts of sub-arc 
mantle probably closely reflect the isotopic com- 
positions of their sources, i.e. within about 1%o. 

4.2 Fractionation of immiscible sulfide 

Volcanics from the Mariana Arc exhibit petro- 
graphic and chemical effects of fractional crystal- 
lization of olivine, plagioclase and clinopyroxene 
[10]. The presence of sulfide inclusions in phe- 
nocryst phases (Fig. 2 and Table 2) indicates that 
the melts were saturated with sulfide at various 
points in their crystallization history prior to 
eruption, and that immiscible sulfide may have 
been removed during fractional crystallization, 
lowering the sulfur contents of the lavas. There 
are three silicate fractionation trends among the 
volcanics analyzed in Table 1: tholeiitic (Mariana 
Trough, South Daikoku, Eifuku and Fukujin), 
calc-alkaline to shoshonitic (Kasuga), and alka- 
line (Iwo Jima) [10,11]. The data for the volcanics 
from South Daikoku, Eifuku and Fukujin indi- 
cate a decrease in Cu content with decreasing 
FeO T (Fig. 5A). The decrease in FeO corre- 
sponds to decreases in V at increasing SiO 2 
throughout the arc, and the Fe and V decreases 
are attributed to fractionation of Fe-oxides [10]. 
The solubility of sulfur in silicate melts decreases 
with decreasing FeO w content of the melts [30- 
32,35] and Cu is partitioned into sulfide, suggest- 
ing that the decreasing Cu contents were caused 
by sulfide saturation and ffactionation of immisci- 
ble sulfide. The presence of Fe- and Cu-sulfide 
inclusions in magnetite phenocrysts in the Mari- 
aria Arc lavas supports this interpretation (Fig. 2 
and Table 2). In contrast to the S-undersaturated 
boninites, the chalcophile element content of arc 
basalts and andesites are low and similar to 
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Table 1. 

MORB, consistent with sulfide saturation and 
fraetionation of metals into immiscible sulfide 
[36]. 

Segregation of immiscible sulfide from a dif- 
ferentiating silicate melt containing both sulfate 
and sulfide could result in increased ~345 in the 
melt. The effect of this process was calculated 

starting with a melt having a MORB-like sulfur 
isotopic composition (6345  = 0.1%c) and contain- 
ing equal proportions of sulfide and sulfate, as- 
suming (1) negligible fractionation between im- 
miscible sulfide and sulfide in the silicate melt, 
(2) ~345sulfat e -~345su l f id  e = 7.5%0 [16,17], and (3) 
that sulfate in the melt re-equilibrates with sul- 
fide remaining in the melt. These conditions re- 
quire removal of about 75% of the sulfide initially 
present to reach the 634S value of 5%o observed 
in the arc lavas. A melt starting with 300-600 
ppm S would then contain 75-150 ppm S, similar 
to the sulfur contents of the arc lavas. If sulfur 
isotopic fractionation occurs as the result of sepa- 
ration of immiscible sulfide during differentia- 
tion, there should be some correlation of ~345 

with indicators of silicate differentiation (FeO, 
MgO or SiO 2 content) in the arc glasses. No such 
correlations exist, however: ~345 values of 4 -  
5.5%0 occur in rocks with FeO T contents that 
vary from 7 to 11 wt% (Fig. 5C). MgO and SiO 2 
in these rocks vary from 6 to 2 wt% and 52 to 60 
wt%, respectively (Table 1). 

4.3 Degassing 

Despite the evidence for saturation and re- 
moval of immiscible sulfide, two points suggest 
that the arc and back-arc lavas were generally not 
saturated with sulfide during eruption: (1) the 
glasses generally lack the disseminated immisci- 
ble sulfide globules that are typically observed in 
sulfide-saturated MORB melts, and (2) the arc 
rocks do not exhibit the positive correlation of 
sulfur contents with FeO x that should be ob- 
served if sulfur contents were controlled by satu- 
ration of the melts with sulfide (Fig. 5B [27]). The 
small amounts of interstitial sulfide that are ob- 
served in the Mariana samples are restricted to 
the crystalline parts of the rocks and reflect sul- 
fide saturation late during crystallization. 

Many of the rocks are highly vesicular, suggest- 
ing that degassing may have affected their sulfur 
contents. Vesicles in Mariana Arc rocks contain 
predominantly H20 ,  indicating saturation of the 
melts with H20 .  The presence of minor amounts 
of CO 2 and traces of H2S and SO 2 in the vesicles 
suggests that even though the melts were not 
generally saturated with sulfide, CO 2 and sulfur 
were partitioned into the vapor phase and that 
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degassing may have lowered the sulfur contents 
of the rocks. In the absence of an immiscible 
sulfide liquid, the solubility of sulfur in silicate 
melts coexisting with a S-bearing vapor phase is 
controlled by me l t -vapor  equilibria [27,30]. Sul- 
fur contents of sulfide-undersaturated silicate 
melts vary with oxygen fugacity, and are at a 
minimum at fO 2=NNO to 1 log unit above 
NNO [30]. M O R B  crystallizes at f O  2 approxi- 
mately 1 -2  log units below FMQ, whereas basaltic 
andesites from arc environments crystallize at 
f O  2 approximately equal to N N O  [27,33,37], co- 
inciding with the minimum in sulfur solubility. 
Thus, loss of sulfur-bearing vapor from sulfide- 
undersaturated melts crystallizing near the mini- 
mum in solubility at fO 2 = NNO may have con- 
tributed to the low S contents of the submarine 
Mariana Arc lavas. 

Degassing effects might be expected to be more 
pronounced at shallower water  depths corre- 
sponding to lower confining pressures, but there 
is no clear correlation of ~345, S contents, or the 
amount  of vesicles in the arc rocks with collection 
depth, despite collection at water  depths ranging 
from 828 to 2960 m (Tables 1 and 2). Low vesicle 
abundances could indicate either undegassed or 
extensively degassed lavas, however. 

Because of the 345 enrichment of oxidized 
compared to reduced sulfur species (SO 4 ~> SO 2 
> H2S), the effect of degassing of sulfur on the 
(~345 of the magma depends on which major 
volatile species are present  (SO 2 or H2S) and on 
the speciation of sulfur in the melt  (proportions 
of SO 2-  and $2-).  Assuming equilibrium among 
the various sulfur species in gas and melt phases, 
the fractionation of sulfur isotopes between vapor 
and melt can be calculated from 

1000 In Olg . . . . .  It 

(~348gas - ~348mel  t 

= [ X¢~348s02  q- ( 1  - X ) ¢ ~ 3 4 S H 2  S] 

- - [  ya34Ssuleide + (1 - Y)a34Ssu l fa t e ]  

= 1000 In aSO2_sulfid e 

- ( 1  - X ) 1 0 0 0  In a so :  H:S 

- -  ( 1 -- Y) 1000 In asulfat e_sulfide 

where X =  ( S O J H 2 S  + SO:)vapo r and Y is sul- 
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Fig. 6. Sulfur isotopic composition of silicate melt in equilib- 
rium with S-bearing vapor during open-system (Rayleigh frac- 
tionation) degassing. Lines indicate melt evolution pathways 
calculated for three different values of a (1000 In Olgas_rnel t = 
~348gas- ~345melt) , determined by varying values of X [ =  
(SO2/H2S+SO2)vapor]  and Y [ = (sulfide/ES)melt],  and 
starting with a MORB-like 634S value (see text). Shaded area 
indicates region of possible melt evolution pathways for rea- 
sonable values of X and Y, but most likely melt evolution 

pathways lead to 34S depletions (see text). 

subaerial volcanic gases from island arcs contain 
greater  concentrations of SO 2 than of H2S, con- 
sistent with calculations that indicate values of 
0.5-1 for X at f O  2 ranging from FMQ to NNO, 
temperatures  of 800-1200°C, and pressures of 
1-1000 atm for both dry and hydrous conditions 
[3,30,38,39]; Y varies from near  1 for M O R B  up 
to about 0.5 for arc melts [27,34], avd 1000 
In a s o  2 sulfide at 1000°C is approximately 3%0 [16]. 
The calculated sulfur isotopic compositions of 
melts during open-system degassing (Rayleigh 
fractionation) for various values of X and Y are 
shown in Fig. 6. Only the lowest values of X and 
Y yield ~348 values of 4-5%0 for the melt, and 
these are not reached until loss of more than 
85% of the sulfur originally present. If  the arc 
melts started with 300-600 ppm S these degassed 
lavas would contain 45-90 ppm S, but only about 
half of the arc samples fall in this range (Table 1). 

The ~345 of total sulfur in high-temperature 
( >  500°C) subaerial volcanic gases from island 
arcs ranges from +0.3%o to + 12.1%o, averaging 
about +5%o [38,39]. The compositions of these 
gases indicate that degassing of sulfur from a 
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magma having a MORB-like isotopic composition 
(334S = 0.1%o) would result in a decrease in the 
634S of residual S in the melts, the opposite of 
the effect required to achieve the observed 34S 
enrichment of the arc glasses. Moreover, if the 
low S contents of some of the Mariana Trough 
BAB glasses are the result of volatile loss [33,34], 
little or no isotopic fractionation of S occurred 
because the low-S BAB glasses have the same 
~34S values as the high-S glasses (Table 1). Thus, 
while calculations suggest that degassing could 
conceivably enrich the arc lavas in 34S relative to 
MORB,  data for natural volcanic gases and for 
BAB glasses indicate that degassing of a melt 
having a MORB-like sulfur isotopic composition 
should not result in the elevated 334S of the arc 
glasses. 

Additional evidence consistent with this con- 
clusion comes from the analysis of vesicle gases. 
Volatiles contained in vesicles in MORB glass are 
predominantly CO2, which has ~ 3 C  values of 
- 4 . 2  to -8 .0%0,  averaging -6 .5%~ [22,40], 
whereas CO 2 in volcanic gases from island arcs 
has a somewhat wider range of values ( - 2  to 
- 11%o) [39]. The highest 6a3C values of the arc 
gases are suggested to contain a component  de- 
rived from subduction of carbonate sediments, 
whereas the lower values have been attributed to 
incorporation of organic C from subducted sedi- 
ments [39]. Because of the 2-4%~ fractionation 
of 13C between C O  2 vapor and C in the melt 
[40,41], the lower 3~3C values of some arc vol- 
canic gases could be caused by progressive de- 
gassing of CO 2. Submarine volcanic glasses from 
Fukujin volcano have low C contents (15-79 ppm) 
and 613C values ( - 2 4 . 7  to -29.7%o),  which are 
attributed to extensive degassing at the relatively 
shallow water depths of sample collection (1100 
m [41]). In contrast, vesicles in arc glasses from 
Kasuga Seamount ,  sampled at considerably 
greater  water depths (1975-2920 m), contain eas- 
ily extractable and measureable CO 2, which has 
613C values of - 2 . 1  to - 13.1%o (Table 1). These 
values are mostly within the range for subaerial 
volcanic arc gases, suggesting that these samples 
have not undergone the extensive degassing of 
CO 2 seen at Fukujin. Seven of the nine samples 
from these two seamounts have 834S values in the 
range 3.0-5.5%o (Table 1), and there is no corre- 
lation of 6~3C with ~34S in the Mariana volcanics 

(Table 1). If  the variations in 6t3C are caused by 
degassing of CO 2, either degassing has not af- 
fected the sulfur isotopic compositions of the 
rocks or the effects on sulfur are independent of 
degassing of carbon. Thus, while inconclusive, the 
vesicle gas data do not support an origin of the 
34S enrichment of the arc volcanics by degassing. 

Our two analyses of CO 2 from vesicles in 
Mariana Trough glasses indicate ~ 3 C  values of 
- 6 % o  (Table 1), identical to those for CO 2 re- 
leased by vacuum crushing of M O R B  vesicles 
( - 6 . 5  + 1.3%o, [22,40]). These data suggest that 
degassing of CO 2 could explain the slightly lower 
~13C value for the only other analysis of carbon in 
a Mariana Trough volcanic glass, and that incor- 
poration of subduction-derived organic carbon 
into the Mariana Trough mantle source may not 
be necessary [41]. More analyses are required to 
resolve this question, however. 

4.4 Mantle  sources and metasomat ic  component  

The calculations and evidence presented in the 
preceding discussion indicate that under condi- 
tions where both sulfide and sulfate are present 
in the melt, a combination of partial melting, 
separation of immiscible sulfide and degassing 
could conceivably produce the 34S enrichments of 
arc volcanics compared to MORB. However, the 
likelihood of sulfur-undersaturated melting, the 
lack of any correlation of 634S value with indica- 
tors of differentiation (particularly FeO a') or ~ 13C 
of vesicle gases, and data for sulfur in natural 
volcanic gases from island arcs and for S in Mari- 
ana Trough volcanic glasses all argue against this 
combination of processes as the mechanism pro- 
ducing the 34S enrichments of the arc volcanics. 
The alternative is that the 334S of the arc vol- 
canics reflects the composition of sulfur in their 
mantle source(s). 

Mariana Arc lavas are interpreted as having 
been derived from variable combinations of sev- 
eral mantle sources, the main one being a meta-  
somatized depleted mantle source, but also in- 
cluding an inferred OIB mantle source in the 
northern Marianas, as well as a metasomatically 
enriched OIB mantle source [10-12,15,23]. Sulfur 
contents of OIB, as represented by submarine 
volcanic glasses from Kilauea (540-840 ppm), are 
only slightly lower than MORB (average ~ 800- 
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1000 ppm), and the sulfur isotopic compositions 
of OIB (~34S = 0.5 _+ 0.6%c) and MORB (0.1 _+ 
0.5%c) are essentially identical [16,17]. Thus, OIB 
and residual MORB mantle sources should be 
indistinguishable in terms of sulfur systematics. 

The main trends toward increasing LILE, 
LRE E and 878r/86Sr in Mariana Arc lavas are 
interpreted to reflect metasomatism of a depleted 
MORB mantle source [10-12,15,23,24], so we 
interpret the general correlation of ~34S of the 
lavas with these indicators (Fig. 3 and 4) to also 
reflect a metasomatic component in the mantle 
source. Samples from Iwo Jima lie off the main 
trends, falling at high values of Ba and La in Fig. 
4. This may be attributed to the presence of a 
significant component of LREE-enriched or 
OIB-like mantle in the source for lavas from Iwo 
Jima and the northern part of the Mariana Arc 
(north of Nikko Seamount at 23°N, Fig. 1) 
[12,13,29]. The absarokite from Kasuga Seamount 
has the highest 87Sr/S6Sr value reported for Mar- 
iana Arc lavas, but has relatively low Ba and La 
contents and the lowest 6348 value (Fig. 3 and 4), 
requiring differences in the mantle source for this 
sample compared to other Mariana Arc lavas 
[13]. 

Data for altered ocean crust indicate the pres- 
ence of local 34S enrichments (=  3-5%o) in some 
hydrothermally altered a n d / o r  mineralized zones 
in dikes and gabbros within the crust, but this 
effect is mostly balanced by 34S depletions in the 
volcanic section, which is altered at low tempera- 
tures [28,42]. Consequently, the average 634S of 
altered oceanic crust is little changed from unal- 
tered MORB, to a maximum of about 1%o [28,42]. 
Unless sulfur is selectively mobilized from 34S-en- 
riched sulfide deposits (634S = 1.5-5%o [43]) and 
mineralized zones in subducted ocean crust, it 
does not appear likely that altered ocean crust 
can account for the 34S enrichment of arc vol- 
canics relative to MORB. 

Sparse data exist for the distribution and iso- 
topic composition of sulfur in deep-sea sedimen- 
tary sections, but recent results for western Pa- 
cific sediments provide some important con- 
straints. The 200-500 m sediment sections overly- 
ing Jurassic and Cretaceous crust in the Marina 
and Pigafetta basins, east of the Mariana Arc, 
consist of pelagic clay, chalk, chert, radiolarite 
and volcaniclastic sandstones to claystones, all of 

which have low organic carbon contents, and are 
typical of other sections on old Pacific crust [44]. 
The mean bulk sediment, weighted according to 
sediment types drilled, contains 700 ppm S having 
( ~ 3 4 8  = 14%o, with most of the sulfur present as 
sulfate [45]. Thus, western Pacific sediment is 
enriched in 34S compared to altered ocean crust. 
If these sediments are representative of material 
subducted beneath the Marianas, subduction of 
sediments is a more likely mechanism for trans- 
porting a 34S-enriched seawater sulfur component 
into the sub-arc mantle source than is subduction 
of altered crust. 

In contrast to the high ~34S values for western 
Pacific sediment, deep-sea sediment from other 
environments can have low 634S values. Deep-sea 
sediments from some restricted basins and from 
high-productivity equatorial zones and upwelling 
areas along western continental margins contain 
more organic carbon and greater amounts of low- 
~34S sedimentary pyrite than western Pacific sedi- 
ment, leading to lower, even negative, bulk sedi- 
ment ¢3348 values [46-48]. Subduction of such 
low-~348 sediments could conceivably impart low 
634S values to arc volcanics from other subduc- 
tion environments. This potential variation in sul- 
fur isotopic compositions of subducted sediment 
could contribute to heterogeneities in sulfur iso- 
topic compositions of sulfide in mantle material 
[49]. 

Chemical and isotopic evidence indicates that 
direct incorporation of sediment into the mantle 
source for Mariana Arc volcanics is very minor, 
and that the subduction component is mainly 
introduced by a metasomatic fluid derived from 
subducted sediment [12,23,24]. The sulfur data do 
not further constrain bulk mixing of sediment or 
fluid metasomatism, but are compatible with the 
metasomatic fluid interpretation. 

Some constraints on subducted sediment-de- 
rived fluids come from serpentinite seamounts in 
the Mariana forearc [50]. Conical Seamount is an 
active serpentine 'mud volcano' about 120 km 
east of the island of Asuncion (slightly more than 
halfway from the arc volcanoes to the trench axis, 
Fig. 1). Fluids upwelling through serpentine on 
the seamount summit are characterized by low 
chlorinity (less than half that of seawater), and 
elevated pH, K, Rb, B,Na/C1,  SO 4 and HzS 
relative to seawater [51]. The fluids differ from 
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those resulting from serpentinization of harzbur- 
gite, and are interpreted to be mixtures of seawa- 
ter and water derived from dehydration reactions 
in the subducting slab, 30 km below [51]. Fluids 
driven off from the slab serpentinize the overly- 
ing mantle, and serpentine diapirs move upward 
and eventually protrude onto the seafloor, form- 
ing serpentinite seamounts that act as conduits 
through which subduction-derived fluids pass into 
the ocean [50,51]. Much of the dehydration of the 
subducting slab may occur beneath the fore-arc, 
with hydrated, metasomatized fore-arc mantle 
material being dragged downward by the subduct- 
ing slab to higher pressures and temperatures, 
where partial melting of hydrated peridotite oc- 
curs [52]. Sulfide comprises less than 0.5% of the 
total sulfur in the fluids on Conical Seamount, so 
the measured ~345 value of sulfate (13.5%o) is 
representative of total sulfur in the fluid [53]. If it 
is assumed that the end-member slab-derived 
fluid is fresh water (from mineral dehydration 
reactions), extrapolation to zero chlorinity gives a 
fluid ~348 of about 8%o. Any exchange of slab- 
derived and mantle sulfur (~345 ~ 0%0) during 
metasomatism and serpentinization reactions in 
the mantle would only serve to lower the (~348 of 
the fluids exiting from Conical Seamount and 
imply that the slab-derived fluid had even higher 
~345 than estimated. These values (8-13.5%o) are 
roughly consistent with that for western Pacific 
sediment given above, and with a high-~34S sedi- 
ment-derived metasomatic fluid penetrating the 
sub-arc mantle wedge. If a metasomatic fluid 
having ~345 = 14%o reacts with a mantle contain- 
ing MORB-Iike sulfur (~345 = 0.1%o), values of 
4-5%o in the arc volcanics indicate that approxi- 
mately 30-35% of the sulfur in the source is 
metasomatic. 

4.5 Sulfur in the Mariana back-arc trough 

Basalts from the Mariana Trough exhibit a 
range of major and trace element and isotopic 
compositions, from similar to MORB to those 
that are transitional to arc basalts [14,15,54]. Such 
variations are interpreted as resulting from meta- 
somatism of a depleted sub-arc mantle by fluids 
derived from the subducting slab [14,15,54]. This 
metasomatic component is present at least locally 
at 18°N but imparts a strong arc signature to the 

rocks from 22°N in the trough [14,15,54]. The 
more 'arc-like' trough rocks (from 22°N and 1846- 
9 from 18°N) are not enriched in 345 relative to 
the other trough samples, however, as might be 
expected. Although the mantle source of Mariana 
Trough lavas has been affected by fluids derived 
from the subducting slab, not all of the trough 
lavas exhibit trace element or radiogenic isotope 
enrichment compared to MORB. Stolper and 
Newman [55] attribute this to a 'chromatographic' 
effect of changing fluid composition as the meta- 
somatic fluid passes through and reacts with the 
sub-arc mantle. According to this interpretation, 
by the time the subduction-derived fluid reaches 
the source region of the back-arc trough volcanics 
it has reacted with enough mantle that it is essen- 
tially in equilibrium with the mantle and the slab 
signature is lost. In contrast, the fluid added to 
the source region of Mariana Arc volcanics inter- 
acts with less mantle and generally retains the 
slab signature. The data presented here for sulfur 
in the Mariana Arc and Trough volcanics are 
consistent with this 'chromatographic' effect and 
absence of the 34S-enriched slab signature in the 
back-arc trough lavas (Fig. 7). 
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Fig. 7. ~345 vs. S content for Mariana Arc and back-arc 
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OIB (as represented by Kilauea) for comparison. The arc 
rocks have lower S contents and higher ~345 values than 
back-arc basin, MORB and OIB glasses (data from Table 1 
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5. Summary and conclusions 

Analyses of submarine volcanic glasses provide 
important  new constraints on sulfur systematics 
in island-arc and back-arc environments. Vol- 
canic glasses from the Mariana Island Arc are 
enriched in 34S (~348  : up to 10.3%O, mean = 
3.8%o) and depleted in S (20-290 ppm, mean = 
100 ppm) relative to MORB.  The 34S enrichment 
of the arc rocks is attributed to the presence of a 
subduction-related seawater  sulfur component  in 
the sub-arc mantle source. The seawater compo- 
nent is most likely derived from subducted sedi- 
ments rather than altered ocean crust. Although 
not constrained by the sulfur data, other trace 
element and isotopic data suggest metasomatism 
of depleted sub-arc mantle by fluids derived from 
subducted sediment, rather  than by direct incor- 
poration of sediment. 

Sulfide minerals formed in trace amounts lin- 
ing vesicles in the arc rocks by reaction of sulfur 
in the vapor  with iron in the vesicle wails. Sulfide 
inclusions in olivine, plagioclase and magneti te 
phenocrysts indicate saturation of melts with sul- 
fide throughout much of their pre-empt ive  crys- 
tallization history and loss of some sulfur through 
separation of immiscible sulfide during fractional 
crystallization. In contrast, the lack of sulfides in 
glass and the absence of a correlation between S 
contents and FeO r suggest other controls on 
sulfur contents during eruption. The generally 
low S contents of the arc rocks are attributed to 
vapor -me l t  equilibria control of sulfur contents 
and loss of S in a vapor phase near the minimum 
in solubility of S in silicate melts a t  f O  2 ~ NNO 
(nickel-nickel-oxide). Whereas  loss of S in the 
vapor phase contributed to the low S contents, 
this process did not significantly affect the S 
isotopic compositions of the melts. 

The back-arc Mariana Trough basalts contain 
200-930 ppm S and have 634S values of + 1.1 _+ 
0.5%o. These S contents and ~34S values overlap 
those for the arc and MORB.  Back-arc trough 
basalts that are 'arc-like'  based on trace element 
and Sr isotopic compositions do not exhibit the 
34S enrichment of the arc rocks, however. The 
lack of a 34S-rich subduction signature in the 
trough lavas may be due to a chromatographic 
effect, whereby slab-derived metasomatic fluid 
reacts with greater  amounts of mantle along the 

longer pathway to the source area for the trough 
volcanics and loses its slab sulfur signature, 
whereas the 34S-enriched fluid retains its slab 
signature throughout most of the arc mantle 
source area. 

Gases extracted from vesicles in both arc and 
back-arc volcanics are predominantly H 2 0 ,  with 
minor CO 2 and traces of H2S and SO 2. CO 2 has 
613C values of - 2 . 1  to -13 .1%o,  which are simi- 
lar to those for CO 2 in MORB.  These MORB-l ike 
values suggest that subduction of organic carbon 
may not be necessary to produce low ~13C values 
of carbon in Mariana Arc and back-arc trough 
volcanics. More analyses are required to resolve 
this question, however. 
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