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ABSTRACT

The sulfur content of one rhyolite and four dacite conglomerates
was found to be low — from 9 to 97 ppm — similar to that of Qua-
ternary andesites and basalts of the Japanese Islands. However, the
δ34S values of these samples are unexpectedly high — + 23 to +35
per mill — relative to troilite from the Canon Diablo meteorite. The
sulfide/sulfate ratios vary among the five samples from 0 to 13. No
significant isotope fractionation seems to exist between sulfate and
sulfide sulfurs. Carbon in these samples is predominantly in the form
of carbonate (and probably CO2). It ranges in concentration from
128 to 721 ppm and in δ13C from -2.5 to -20.7 per mill relative to
PDB.

INTRODUCTION

The contents and stable isotope ratios of sulfur in
Quaternary volcanic rocks of the Japanese Islands show
sharp contrast with those of fresh basalts at mid-ocean
ridges and in Iceland and Hawaii. Concentrations of
volatile elements in the former (Ueda and Sakai, unpub-
lished data) are very much lower than in the latter
(Moore and Fabbi, 1971; Sakai et al,, 1978). In the
former, sulfate sulfur often predominates over sulfide
sulfur, whereas in the latter the reverse is always the
case. The δ34S values of the island arc volcanic rocks are
about 0 to + 5 per mill (Ueda and Sakai, unpublished
data), whereas those of fresh basalts from the ocean
floor (Kanehira et al., 1973; Grinenko et al., 1975;
Sakai et al., 1978), from Hawaii, (Ueda, and Sakai,
unpublished data), and from Iceland (Sakai, Ueda, and
Tomasson, unpublished data) range from -0.5 to + 1
per mill. In quite a few samples of ocean floor basalts,
however, the stable isotope ratios of sulfur, especially
those of epigenetic pyrite, show a significant deviation
from the normal values (Field et al., 1976; Krouse et al.,
1977; Sakai et al., 1978). Those authors have posited
various mechanisms of isotope fractionation to inter-
pret the unusual values. They suggest that the stable iso-
tope ratios as well as the concentrations of volatile ele-
ments in volcanic rocks may be useful in assessing the
origin and environment of eruption of the rocks and
their depositional and diagenetic processes.

During Leg 57, conglomerate beds of rhyolitic and
dacitic compositions were cored at Sites 438 and 439.
Petrological and geological evidence suggests that these
rocks belong to tholeiite and calc-alkaline rock series
typical to an island arc system and erupted subaerially
near the site of collection (Fujioka, this volume). These

rocks are the first acid rocks that have been collected by
the Deep Sea Drilling Project. The age of the acid con-
glomerates is about 21 m.y. (uppermost Oligocene to
the lowermost Miocene (Ozima and Yanagisawa, this
volume). The purpose of this study is to analyze the con-
centrations and the isotope ratios of sulfur and carbon
of these rocks in order to determine their origin and en-
vironment.

SAMPLES

The petrographical and geological description and
chemical composition of the samples used in this study
are presented by Fujioka (this volume). He analyzed the
chemical composition of 28 conglomerate specimens
from Site 439. These samples are acid to intermediate
(60.23 - 73.90 per cent SiO2) and are characterized by
high alumina content (15.97 - 26.80 per cent). On the
basis of the SiO2-FeO/MgO diagram, about two-thirds
of them were classified as calc-alkaline rocks and the
rest as tholeiitic rocks. Of the five samples we studied,
two (Nos. 2 and 10) are tholeiite, another two (15 and
21) are calc-alkaline, and the last (4) lies close to the
boundary between the two rock series, according to Fu-
jioka (this volume).

ANALYTICAL METHODS

We heated powdered rock samples in vacuum at
280 °C for two hours with "Kiba reagent" (Sn2 + -con-
taining phosphoric acid [Kiba et al., 1955]). Sulfate, sul-
fide, carbonate, and carbide in the samples are con-
verted to SO2, H 2S, CO2, and some hydrocarbons, re-
spectively, by this procedure. Each component was iso-
lated by a combination of vacuum distillation and
chemical fractionation at varying temperatures. Next,
the H2S and hydrocarbons were oxidized into SO2 and
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CO2, respectively, using a Cu2O furnace. They will be
denoted as SO2* and CO2*, respectively, to distinguish
them from those originally evolved from the samples.
The volume and isotope ratios of these SO2, SO2*, CO2,
and CO2* were measured separately by conventional
techniques. The concentrations of sulfate, sulfide,
carbonate, and noncarbonate in the samples were cal-
culated from the volumes of these gases. However, be-
cause the noncarbonate carbon cannot be measured
quantitatively by this method, we eliminate it from the
following discussion. We will give the details of these
procedures elsewhere.

The isotopic results are given by delta values which
are defined as follows:

òx = Aampie - l) × 1000 per mill,
standard

where X = 34S or "C and R = 34S/32S or i3C/»2C of a
sample and a standard. The standard for sulfur is
troilite from the Canon Diablo meteorite and, for car-
bon, a fossil belemenite from the Peedee Formation of
North Carolina.

The isotopic ratios of sulfate and sulfide sulfurs were
measured separately only in the case of Sample No. 5.
In other samples, the amount of each of the two types of
SO2 was too small for reliable mass spectrometric anal-
yses, and therefore the two SO2 were measured to-
gether. The accuracy of the delta values is ±0.3 per
mill, except for the δ34S of Sample No. 10 and 15, where
the sulfur content is too low for accurate measurement.

RESULTS AND DISCUSSION

The results of the present study are summarized in
Table 1 and are plotted in Figures 1 and 2. For com-
parison, the isotopic ratios of basalts from ocean floors,
Hawaii, and Iceland and the isotopic ranges of the is-
land arc volcanic rocks are also shown in these figures.

The sulfur and carbon content of the fresh andesites
and basalts of the Japanese Islands is low (generally less
than 50 ppm S and 10 - 100 ppm C) compared to the
submarine basalts. Submarine eruption under high stat-

ic pressure prevented the loss of volatiles from magma,
whereas under subaerial conditions, magma was out-
gassed to a substantial extent before and/or during
eruption (Moore and Fabbi, 1971). In addition, the con-
tents of these volatiles in the Japanese volcanic rocks
may have been low even before the outgassing. Moore
and Fabbi (1971) estimated about 80 per cent of the orig-
inal sulfur to have been lost during subaerial eruption
of basalt. If the same estimate is applied to island arc
volcanism, the maximum sulfur content of andesites
and basalts of the Japanese Islands should be about 250
ppm S. The rhyolite and dacite conglomerates are simi-
lar in sulfur content to the andesites and basalts of the
Japanese Islands, in accord with their subaerial eruption
(Fujioka, this volume).

However, the δ34S values of the acid rocks are unex-
pectedly high, even higher than sea water sulfate (δ34S
= 20.3 per mill). As Table 1 shows, the δ34S value of
Sample No. 5 is high for both sulfate and sulfide. Al-
though in other samples SO2 and SO2* were not meas-
ured separately for the sulfur isotope ratios, it is likely
that both sulfate and sulfide in these samples are equally
enriched in 34S. As Figure 1 shows, the δ34S values of the
majority of ocean floor basalts are within a narrow
range — 0 to + 1 per mill, the inferred value for the up-
per mantle sulfur. In the continental volcanic rocks, the
sulfur isotopic ratios tend to be higher than the mantle
value, with increasing degree of differentiation. How-
ever, the value does not exceed +9 per mill for more
than 30 basaltic rocks from Europe (Schneider, 1970).
About 40 andesites and basalts from the Japanese Is-
lands show values from 0 to + 5 per mill, except for the
volcanic rocks from the Satsuma-Iwojima and Aso vol-
canoes (see Figure 1).

In quite a few samples of ocean floor basalts from the
East Pacific Rise, epigenetic pyrites as heavy as + 24 per
mill have been found (Field et al., 1976). Field et al.
(1976) proposed that magmatic sulfur could have been
fractionated into such heavy sulfide through partial oxi-
dation of sulfide to sulfate and sulfur isotope fractiona-
tion between them. Such a reaction should also produce
larger amounts of sulfide, which is closer to or even

TABLE 1
Concentrations and Isotopic Ratios of Sulfur and Carbon in Acid Conglomerates from Hole 439, Leg 57

No. a

2
4

10
15
21

Sample
(Interval in cm)

439-33-1,18-19
439-33-1, 122-124
439-34-2, 0-4
439-34-2, 148-150
439-35-1, 148-149

Rock Type

rhyolite
dacite
dacite
dacite
dacite

15
16

0
3

90

S
(ppm)

2-

7
5
8
6
7

22
21

8
9

97

δ34 S

(per mill)

s2" soj-

_ _
- -
- -
- -

+30.9 +31.2

ΣS

+28.8
+34.7
+25.9
+23.3
+30.9c

CO 3

128
176
721
383
402

CO 2

(per mill)

CnHm

21
24
34

9
9

149
200
755
392
411

CO3

-14.5
-20.7

-2.5
-11.5
-17.7

δ l 3 C

(per mill)

CnHm

-22.4
-23.1
-22.8
-18.7
-21.0

ECO2e

-15.6
-20.9

-3.4
-11.6
-17.7

Corresponds to the sample number of Fujioka (this volume).
Calculated sum of sulfide (S2~) and sulfate (Sθ|~) sulfur.
Weighted average of sulfide and sulfate.
Calculated sum of carbonate (CO?,-) and noncarbonate (CnHm) carbon.
Weighted average of two types of carbon.
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Figure 1. δ34S versus sulfur concentration diagram for
the acid conglomerates from Site 439 and for the ba-
saltic rocks from the Japanese Islands, ocean floor,
Hawaii, and Iceland. Δ = acid conglomerates (this
study). O = ocean floor basalts (Sakai et al., 1978).
• = ocean floor basalts (Grinenko et al., 1975). o
= Kilauea, Hawaii, erupted on 29 November 1975.
Collected by S. Aramaki (Veda and Sakai, un-
published data), Θ = Icelandic basalts (Sakai et al.,
unpublished data). Area enclosed by solid line =
about 40 andesites and basalts of the Japanese
Islands (Ueda and Sakai, unpublished data). D =
andesites from the Satsuma-Iwojima (see text). + =
andesites from the Aso Volcano (see text).

lower in δ34S than the mantle sulfur. This is the case in
the ocean floor basalts. However, we found no such
light sulfur in the randomly selected samples of the pres-
ent study.

The heavy sulfur may be formed much more easily
from sea water sulfate because its isotopic ratios are
already higher than the mantle sulfur. The Satsuma-
Iwojima is a volcanic island composed of the central
cones of a giant caldera almost entirely submerged at
400 meters below sea level off southernmost Kyushu.
One of the central cones still exhibit fumarolic activity
of high temperatures and gives off volatile sulfur com-
pounds — mainly SO2. The isotopic ratios of the SO2 as
well as the total sulfur in the fresh andesite lava forming
this cone are + 13 to +16 per mill (Figure 1). The heavy
sulfur probably formed through the incorporation of
sea water sulfate into the magmatic processes of the
island. It should also be noted in Figure 1 that the
andesite samples of the Aso Volcano, which forms
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Figure 2. òl3C versus carbonate carbon content of the
acid conglomerates, ocean floor basalts, and Japa-
nese andesites and basalts (see Figure 1 for explana-
tion of symbols).

another giant caldera on the mainland of Kyushu, con-
tain sulfur with high δ34S values. It may be that giant
calderas at an ocean island arc interface enhance the in-
corporation of sea water sulfate into magmatic pro-
cesses. Another possible source of sulfur is the sedimen-
tary rock through which the acid magma extruded.
However, sulfur in the sedimentary rocks underlying the
Japanese Islands is generally considered to be much
lighter than the present sea water sulfate.

Figure 2 indicates that the acid conglomerates are in-
termediate in carbonate content and δ13C between the
island arc and submarine volcanic rocks. Except for
Sample No. 10, the δ13C values are between -10 and
- 20 per mill. On the other hand, the majority of the Jap-
anese volcanic rocks show values higher than -10 per
mill. The isotopic ratios of CO2 in volcanic gases of ac-
tive andesite volcanoes of the Japanese Islands cluster
around - 5 per mill (Sakai and Matsubaya, 1976). There-
fore, we tend to think that the carbon from the upper
mantle should have a δ13C value of greater than - 10 per
mill. Sample No. 10 is exceptionally high in both car-
bonate carbon and 13C. Fujioka (this volume) states there
is no evidence for marine environment in sedimentary
rocks intercalated with the conglomerates of the present
study. If there was no contamination of the conglomer-
ate beds by marine biogenic carbonate, this sample
should closely duplicate the original carbonate content
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and δ13C of the acid magma. The fact that the sulfur
content of the sample is the lowest among the five con-
glomerates makes such a conclusion unlikely, although
some carbonate may have precipitated from interstitial
water flowing through the conglomerate after deposi-
tion.

CONCLUSIONS

The acid conglomerates at Site 439 have a sulfur con-
tent similar to and carbonate content slightly higher
than the Quaternary andesites and basalts of the Japa-
nese Islands. However, their δ^S values are much greater.
In the more than 40 tholeiitic and calc-alkaline rocks
from the Japanese Islands we have analyzed so far,
there were no Quaternary volcanic rocks of equally high
δ34S values. The sulfur isotopic data indicate that sulfur
isotope fractionation involving sea water sulfate played
a more significant role in the formation of these acid
rocks than it does at present at Satsuma-Iwojima.
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