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INTRODUCTION

Comprehensive isotopic studies based on data from
the Deep Sea Drilling Project have elucidated numerous
details of the low- and high-temperature mechanisms of
interaction between water and rocks of ocean crustal
seismic Layers | and 2. These isotopic studies have also
identified climatic changes during the Meso-Cenozoic
history of oceans. Data on the abundance and isotopic
composition of sulfur in the sedimentary layer as well as
in rocks of the volcanic basement are more fragmentary
than are oxygen and carbon data.

In this chapter we specifically concentrate upon
isotopic data related to specific features of the mecha-
nisms of low-temperature interaction of water with sedi-
mentary and volcanogenic rocks. The Leg 59 data pro-
vide a good opportunity for such lithologic and isotopic
studies, because almost 600 meters of basalt flows and
sills interbedded with tuffs and volcaniclastic breccias
were cored during the drilling of Hole 448A. Moreover,
rocks supposedly exposed to hydrothermal alteration
play an important role at the deepest horizons of that
mass. Sulfur isotopic studies of the character of possible
biogenic processes of sulfate reduction in sediments are
another focus, as well as the nature and origin of sulfide
mineralization in Layer-2 rocks of remnant island arcs.
Finally, oxygen and carbon istopic analyses of biogenic
carbonates in the cores also enabled us to investigate the
effects of changing climatic conditions during the Ceno-
zoic. These results are compared with previous data
from adjacent regions of the Pacific Ocean.

Thus this chapter describes results of isotopic anal-
yses of: oxygen and sulfur of interstitial water; oxygen
and carbon of sedimentary carbonates and of calcite
intercalations and inclusions in tuffs and volcaniclastic
breccias interbedded with basalt flows; and sulfur of
sulfides in these rocks.

EXPERIMENTAL PROCEDURE

The preliminary processing of carbonates for oxygen and carbon
isotope analyses consisted of grinding dry samples and heating them in
a vacuum at 450°C for half an hour. Then samples were treated with
100% orthophosphoric acid at 25°C. The CO; obtained by this treat-
ment was analyzed using a Varian-Mat 230 mass spectrometer. The
results of carbon isotopic analyses are expressed as per mil relative to
the PDB standard, and §'®0 data are expressed as per mil relative to
the SMOW standard. Error does not exceed 0.1%, for isotopic
analyses.

Sulfur was isolated from interstitial water as BaSOy and, in its
pyrite and monosulfide forms, from sediments and rocks by the
method suggested by Volkov and Zhabina (1977). Isotopic analysis of
SO, was performed by means of the MI-1305 mass spectrometer

following the procedure suggested b]y Ustinov and Grinenko (1965).
The experimental error was 0.3%.; 6°*S data are expressed as per mil
relative to the meteorite standard.

The determination of the isotopic composition of oxygen in inter-
stitial water required its pre-equilibration with CO; (Teys and Naydin,
1973); the latter then was analyzed using the MI-1305 mass spec-
trometer with an error of 0.3%,. The '%0 values for oxygen are ex-
pressed as per mil relative to SMOW.

RESULTS

Isotopic analyses of all the samples examined are
summarized in Tables 1 and 2. Isotopic variations and
some correlative dependencies are shown in Figures 1
through 6.

Interstitial water oxygen shows variations of isotopic
composition for portions of Holes 447A through 451,
with 6!80 values ranging from 0.5 %, to — 1.6%, (Table
1, Figs. 1-3). Most samples are poor in heavy isotope
relative to the seawater standard. 6'30 values of in-
terstitial water range from —0.5%0-1.1%, in the first
meters of the sedimentary column. In deeper parts of
the studied sections, which are mainly formed of pelagic
red clays or carbonates, interstitial water oxygen was
found to be richer in the '#0 isotope as the depth of the
sedimentary layer increased up to 50 to 100 meters. The
heaviest oxygen, which was 1.3%, greater than that of
the high horizons, was found in carbonate nannofossil
ooze in Hole 448 at a depth of 47 meters. In pelagic
clays in Holes 449 and 450, the values of !80Q at depth
are somewhat less: 0.9%, greater than surface valuesata
sub-bottom depth of about 100 meters. A maximum
value of only 0.5%, was found in the foraminifer ooze
and carbonate tuff in Hole 451.

The isotopic composition of interstitial water from
the deeply cored volcaniclastic breccias and tuffs also
appears to be poorer in !80 than the nannofossil oozes.
Consequently, water of volcanogenic clastic parts of the
section is richer in light oxygen isotope than that of the
clay-carbonate part. These changes can be most dis-
tinctly observed in Hole 450, beginning at the 90-meter
sub-bottom depth, where a uniform andesitic-tuff com-
position occurs. In this case, the '®0 contents average
only —1.1%, relative to standard seawater. The highest
value of interstitial water isotopic composition in the
tuff occurs at 90 to 100 meters sub-bottom. The isotopic
composition of interstitial water oxygen below 200
meters sub-bottom remains practically constant. It is a
remarkable fact that variations of the chemical com-
position of interstitial water within the tuffaceous part
of Hole 450 have similar features (Fig. 2).
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Table 1. Oxygen, sulfur, and carbon isotopic composition of pore water and of cores in Leg 59 holes.

Sulfate-lon Derived Carbonate Derived Pyrite Derived
Sample Depth e e ——
(interval  in Hole s1%0y,0  6%s  so4 €Oy 3¢ 5180 Pyrite 834s
in cm) (m) Lithologic Description (%, SM&W) (%) (%0) (%) (%., PDB) (%o, SMOW) (%) (%)
451-24, 11.0 foraminifer-nanno- -0.5 204  0.103 29.36 0.0 29.9 <0.001 —
140-150 fossil ooze
451-5-3, 38.0 carbonate-bearing -0.1 19.9  0.096 6.56 0.7 29.7 <0.001 -
140-150 vitric tuff
451-14-1, 120.5 kel 0.0 20.5  0.09 4.97 0.4 30.0 0.017 -5.8
140-150
451-34-1, 310.5 vitric tuff - 10.8 0.21723 0.58 -2.3 12.1 0.312 -2.7
140-150
451-54-2, 480.0 vitric tuff with basaltic — — - — 0.8 28.5 0.005 —
0-8 clasts and calcite veins
450-1-4, 6.0 pelagic clay -1.1 19.3  0.082 0.51 — o <0.001 —
144-150
450-5-2, 39.0 ash-bearing -0.5 19.4  0.104 <0.01 — — <0.001 —
144-150 pelagic clay
450-12-2, 105.4  vitric tuff -0.2 19.1  0.091 0.64 — — <0.001 —
140-150
450-16-3, 145.0 d -0.5 204 0.09 0.05 - = <0.001 —
140-150
450-20-1, 180.0 . -1.6 18.4  0.100 0.69 — - 0.003 —
140-150
450-24-3, 221.0 2 -1.4 19.7 0.092 0.36 — —_ 0.003 —
140-150
450-28-4, 260.5 carbonate-bearing -1.5 19.5  0.09% 2.62 1.0 29.6 <0.001 —
140-150 vitric tuff
450-32-3, 306.5 " -1.5 20,7  0.091 3.34 1.9 29.3 <0.001 —
140-150
449-2-2, 3.0 pelagic clay -0.7 19.3  0.0% 0.40 — - — —
140-150
449-5-1, 30.0 i -0.3 20.1  0.089 0.19 - - - -
140-150
449-7-5, 55.0 clay-bearing nanno- — — — 222 1.8 30.0 — -
24-29 fossil ooze
449-8-4, 63.0 pelagic clay -0.1 20.1  0.092 1.17 - — = —
140-150
449-114, 91.0 pelagic clay 0.2 19.4  0.092 0.30 — — —_ -
140-150
449-12-2, 98.0 nannofossil coze - 19.7  0.09228  28.26 2.2 31.2 <0.001 —
102-104
448-1-2, 2.7 L -0.8 19.7  0.081 32.78 0.9 31.6 <0.001 R
113-128
448-6-3, 47.5 . 0.5 —  0.103 21.30 1.5 31.5 0.004 -
140-150
448-11-1, 91.5 " - — - 34.56 1.6 31.8 <0.001 —
47-49
448-114, 96.5 * 0.1 19.9  0.082 - — - — —=
140-150
448-134, 115.5 nannofossil chalk - — — 36.54 1.1 31.9 <0.001 —
119-121
448-14-3, 123.5 " - 19.2  0.1158  38.89 1.3 31.2 <0.001 —
9-11
448-16-5, 145.5 * 0.0 19.8  0.089 35.57 1.2 31.6 — —_
140-150
448-17-5, 153.5 fine vitric tuff — — i 1.03 7.3 33.1 - -
22-24
448-21-3, 190.0 N -0.7 19.4  0.09% <0.01 — - <0.001 —
135-150
448-26-2, 235.9 fine vitric tuff -0.4 19.5 0.088 0.04 _ —_ 0.120 -54
141-160
448-29-1, 263.0 carbonate-rich — — — 19.60 1.6 29.7 0.006 —
30-32 vitric tuff
448-31-1, 282.0 ash-bearing nanno- — — - 22.94 1.3 30.8 <0.001 —
87-90 fossil chalk
448-34-1, 310.0 carbonate-bearing - — - 6.22 -1.8 31.5 — -
38-40 vitric tuff
448-34-2, 311.5 volcaniclastic breccia — 18.2  0.0922 — - - <0.001 -
71-73
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Table 1. (Continued).

ISOTOPIC STUDIES

Sampl Depth Sulfate-lon Derived Carbonate Derived Pyrite Derived
ple t —_— ) e
(interval  in Hole soy,o  8¥s  soy cop s3c 1% Pyrite 834s
in cm) (m)  Lithologic Description (%, SMOW) (%) (%) (%) (%e, PDB)  (%., SMOW) (%) (%)
448A-6-1, 253.5  vitric tuff -0.2 - — 0.08 — -_— 0.005 —
140-150
448A-8-1, 272.0 nannofossil chalk — 20.3  0.1482 2525 1.4 31.7 <0.001 —
57-60
447A-1-3, 7.0 pelagic clay — 19.7  0.1372 - — iz — ~
98-100
4474-3, 325 ! — 193 0.1272 — - — <0.001 -
140-150
447A-5-2, 40.5 sedimentary breccia - — — 5.77 1.6 29.3 — —
97-99
447A-6-4, 52.0 pelagic clay — 20,2 0.0952 — — — = =
63-65
447A-6-5, 54.5 £ -0.5 20.1  0.102 0.92 — — <0.001 -
140-150
447A-74, 61.5 volcanic glass-bearing — 19.3  0.046% - - - 0.005 —
77-79 pelagic clay
447A-11-1, 94.5 basalt-derived - 19.2  0.0782 — — — 0.010 -_
11-15 sedimentary breccia
2 Sulfate was separated from rock samples with the use of hot distilled water.
Hole 448,5'80 (%0a) | Hole 449,580 (%/0s) |  Hole 450,6'80 Ploa)  |Hole 451,5"80 (%700l Calcium, Magnesium {meq/1)
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Figure 1. Variations of 4'30 value of interstitial water in Holes 448
through 451.

The sulfur isotopic composition of sulfate-ions in
interstitial water analyzed from samples from all holes
exhibits negligible fluctuations around the mean §34S
value of 19.8%,, which corresponds to sulfur of sulfate
in the ocean. The concentration of sulfate also fluc-
tuates within the limits usual for ocean water (Table 1).
In samples where sulfate was removed not from inter-
stitial water extracted aboard ship but from rock
samples (with the use of hot distilled water), its
concentration was slightly higher in some cases. This
slight increase in sulfate may have been the result of
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Figure 2. Variations in the calcium and magnesium content and 5'*0
of interstitial water in Hole 450. (I = volcanic tuff; 2 = red
pelagic clay; 3 = pelagic clays with tuff intercalations.)
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Figure 3. Variations of 6'%0 value of interstitial water and Fe?* /Al
ratio in containing pelagic clays in Holes 447A and 449.

moisture loss during its transportation. In one such
sample (Sample 451-34-1, 140-150 cm), the 3¢S value
was equal to 10.8%,, which is definitely explained by the
oxidation of sulfide present in the rock.

Oxygen and carbon isotope composition of biogenic
carbonates and carbonate of tuff was analyzed from
whole rock using samples from Holes 447A, 448, 448A,,
449, 450, and 451 (Table 1, Fig. 4). The carbonate-rich
portion of Hole 448, has provided the most detailed
data, whereas data from the other holes are somewhat
limited. The observed scatter of §'%0 values (from
29.3-31.9%, and 8'3C (from 0-1.9%,) are in general
typical for unaltered pelagic carbonates. The oxygen
isotopic composition of carbonates in most types of
tuffs does not differ from that in coccolithic and
foraminiferal sediments, but %0 values are slightly low
in the carbonates that form an insignificant admixture
in tuff in the deep part of Hole 450 (CO, accounts for
2.6-3.3%) and in the nannofossil carbonate in volcan-
iclastic breccia in Hole 447A (Layer 3, CO, = 5.8%).
Three tuff samples sharply differ in isotopic composi-
tion of the carbonate material.

Sample 448-17-5, 22-24 cm, cored from a thinly
bedded tuff in the nannofossil chalk of Unit 2 at a depth
of 153 meters, includes a small amount of carbonate
(CO, = 1.0%); this carbonate is the most enriched
among all the analyses, with heavy carbon and oxygen
isotopes (7.3%, and 33.1%,, respectively). In contrast, a
negligible amount of the carbonate in a Hole 451 vitric
tuff, cored at a depth of 310 meters (Sample 451-34-1;
140-150 cm), contains the lightest oxygen and carbon
isotopes (12.1%, and —2.3%,, Table 1). Light carbon
also characterizes the tuff sample cored at a 310-meter
depth in Hole 448 (Sample 448-34-1, 38-40 cm).

Carbon and oxygen isotopic compositions of calcite
intercalations, inclusions, films, and recrystallized ce-
ment of volcanogenic rocks (tuffs, and volcaniclastic
breccias interbedded with lavas) in Holes 448 and 448A
at a 518 to 901.5 meter depth appear in Table 2. Calcite
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Figure 4. Variations in oxygen isotopic composition of pelagic car-
bonates in Holes 447A through 451, as well as in Hole 171 (Leg 17)
and Hole 55 (Leg 6), in relation to their stratigraphic position.

from rocks from 518 to 712 meters sub-bottom is
characterized by 6'*C and 6'80 values, which do not dif-
fer from those for unaltered pelagic carbonates. The
lower part of the hole (736-901.5 m sub-bottom) is iden-
tified as a hydrothermal alteration zone, the carbonate
is significantly enriched with light oxygen and carbon
isotopes in this zone. One of the breccia samples (Hole
448A-56-2, 51-56 cm) containing the smallest amount
of the disseminated carbonate material among all
analyzed samples (CO, = 0.12%) produced extreme
results: 613C = — 49.6%,; 6'%0 = —6.1%,. That sample
(0.5-1.0 mm fraction) was exposed to heating in a
hermetic quartz ampule connected to the LHM-8MD
chromatograph. The heating was performed up to
370°C for 6 min in a helium flow. The presence of CO,
(1.0 £0.1 cm3/g), CH, (0.05 +£0.005 cm3/g), and low-
molecular hydrocarbons of the methane series (C,-C3)
were detected by chromatographic analysis of gas



Table 2. 6130, 813C of calcite and 534S of pyrite in volcanic breccia and tuff, Holes 448, 448A.,

ISOTOPIC STUDIES

Carbonate Derived

Derived Pyrite

Depth
Sample in Hole COy sl3c sl80 Pyrite 534s
(interval in cm) (m) Lithologic Description (%) (%o, PDB) (%0, SMOW) (%o) (%o)
448-58-1, 6-14 518.0 volcaniclastic breccia — 1.1 32.3 - —_
with calcite vein
448A-32-2, 30-39 709.5 volcaniclastic breccia, — 1.3 30.8 — —
calcite impregnated
and veins
448A-39-1, 68-74 712.5 " — 1.6 31.2 - —
448A-42-1, 0-11 736.0 volcaniclastic breccia 0.26 -1.3 24.1 0.008 -0.4
with thin coating of
calcite on the wall of
or void
448A-42-5, 38-45 742.0 volcaniclastic breccia 0.19 —13.6 24.7 0.030 0.8
448A-43-3, 95-100  749.0 hydrothermally altered  0.44 -85 25.2 0.157 -21.9
tuff
448A-46-1, 57-64 768.0 hydrothermally altered — — - 0.064 -34
volcaniclastic breccia
448A-50-3, 85-93 795.5 - 0.32 -94 29.0 0.024 -5.8
448A-56-2, 51-56 842.0 * 0.12 —49.6 -6.1 0.225 -13.1
448A-58-2, 45-51 857.0 " 0.35 -10.8 26.6 0.050 -7.1
44RA-64-2, 44-47 901.5 v 0.35 -10.7 27.5 0.324 —-18.8

evolved during heating. These results indicate the
necessity of conducting further thorough studies of
horizons of hydrothermally altered tuffs and volcani-
clastic breccias.

Examination for distribution of sulfides in sediments
of Leg 59 holes demonstrated their almost absolute
absence. Trace amounts of pyrite (0.006-0.003%) in
tuff were sometimes found, but concentrations higher
than 0.01% were observed only in four samples. A total
absence of the monosulfide forms of sulfur was re-
corded. The samples with higher sulfide abundances
were obtained from Cores 14 and 34 in Hole 451, from
Sample 448-26-2, 141-150 cm, and from the basal ba-
saltic volcaniclastic breccia in Hole 447A (Sample
447A-11-1, 11-15 cm). The isotopic composition of
pyrite has been determined for three of them; it is
characterized by a small enrichment of light sulfur
isotope (63S = —2.7to — 5.8%,). The amount of sulfur
in pyrite disseminated in samples from volcaniclastic
breccias interbedded with basalt flows in Hole 448A ap-
peared to be rather high in the zone of the hydrothermal
alteration of rocks (S in pyrite = 0.024-0.324%). The
isotopic composition showed significant fluctuations
(638 = +0.8 to —21.9%,). In this case the lightest
sulfur isotopic compositions were found in samples with
the highest pyrite content (Table 2). This relationship is
the inverse of that for carbonate carbon, as outlined
earlier: the lowest §!3C values are typical of samples
with the lowest carbonate content. The comparison of
isotopic variations of oxygen, carbon, and sulfur in the
volcaniclastic breccias in Hole 448A is illustrated in
Figures 5 and 6.

DISCUSSION

Interstitial Water

Numerous studies based on the DSDP data have
shown that interstitial water, involved in low-tempera-

Calcite, § 13C (°/o0)
0 —10 —20 —30 —40 —50
e Pyrite, 5345 (%/oo)
Calcite, 5 '°0 (°/oo) ¢ —10 —20 —30
30 20 10 0
[ ] [ ]
600}
§13¢ 5184 534g
E
£ 700f
g 5 '
800
900}

Figure 5. Variations of 6'3C and 6'%0 values for calcite and 6°*S value
for pyrite in Holes 448 and 448A.
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Figure 6. Carbon and oxygen isotopic composition of the carbonate
material of volcanogenic-sedimentary rocks, Holes 447 through
451. (1 = biogenic carbonates in Holes 447-451; 2 = tuff variously
enriched with carbonate [CO, content is 5-6% or less]; 3 = inter-
calated and mottled calcite in volcaniclastic breccias in Holes 448
and 448A.)

ture interaction with rocks, is poor in heavy oxygen
isotope as compared with the initial ocean water. The
light isotopic water results from the formation of authi-
genic silicates whose oxygen is 10%, to 30%, heavier
than that of volcanic rocks (Savin and Epstein, 1970;
Garlic and Dymond, 1970; Muehlenbachs and Clay-
ton, 1972). According to Lawrence et al. (1975) 6'80
values for interstitial water sampled from volcanogenic-
sedimentary rocks in holes in the central part of the
Caribbean Sea and in the eastern part of the Pacific
decrease regularly down-section to — 3%,. In this case,
secondary alteration of the rocks is related to variations
of oxygen isotopic composition of pore waters.

The variations of oxygen isotopic composition of in-
terstitial water observed in parts of the Leg 59 holes are
generally quite comparable with these cited data (Table
1, Fig. 1). In our case, too, the lowest 80 values in
water were observed in the deepest horizons of the con-
tinuous section of chemically uniform andesitic tuff.
This fact suggests that in this case the variations of oxy-
gen isotopic composition of interstitial water also con-
trolled by the interaction of volcanogenic rocks and
seawater. This possibility is also supported by the syn-
chronous variations of 180 of interstitial water and its
chemical composition in the tuff column of Hole 450
(Fig. 2).

At the same time, the water that was moderately
enriched in the heavy oxygen isotope was observed
higher in the section, as mentioned previously. It should
be noted, however, that this zone was formed with rocks
of different lithologic character in different holes:
mainly carbonate oozes in Holes 448 and 451 but also
pelagic clay in Holes 449 and 450.

Recrystallization of biogenic carbonate and biogenic
silica during lithification of sediments could be the pro-
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cess that was responsible for the increase in 20 isotope
concentration in water, as suggested by Lawrence et al.
(1975). A comparison of a degree of the carbonate
recrystallization (based on lithologic descriptions) with
oxygen isotopic composition of interstitial water does
not indicate any definite relationships. This is no rea-
son, however, to dismiss entirely the possibility of the
occurrence of this process, although there are no quanti-
tative estimates of a degree of lithification and recrystal-
lization of rocks. The concentration of lighter carbonate
oxygen during recrystallization and the corresponding
occurrence of heavy oxygen in interstitial water that is in
equilibrium with these carbonates may be supported by
the aforementioned lightness of the oxygen isotopic
composition of the carbonate material in Holes 447A
and 450, compared with nonlithified carbonate ooze of
the same age in adjacent holes (Fig. 4).

Another process that can result in a heavier oxygen
isotopic composition is sedimentation of ferric oxides
that have a lighter oxygen isotopic composition at low
temperature than does the water in equilibrium with
them (Taylor, 1974; Friedman and O’Neil, 1977).
Although direct experimental data have been obtained
only for magnetite, we may assume that the same con-
clusion is valid for ferric hydroxides, Some indirect data
also confirm this conclusion; Dymond et al. (1973)
demonstrated from their own studies and reported data
that the higher content of ferric and manganous hydrox-
ide forms controls the decrease of 680 of sediments,
whereas the increase of smectite in sediments results in
higher 6180 values. The differences in isotopic composi-
tion of smectite and water become smaller with the in-
crease of the iron content of smectite (Lawrence and
Taylor, 1972). Montmorillonite, with 7% to 8% of
Fe,0;, is poorer in 30 by about 3% than are various
low-ferric subspecies. The inverse must be true for water
in equilibrium with the system. The phase-shift analysis
of iron forms has not been made for the Leg 59 samples;
thus we use the Fe+3/Al ratio as a rough estimate of the
relative content of the hydroxide form of iron in pelagic
clay (Bostrom, 1973; Piper, 1973; Strakhov, 1976).
Changes of this ratio in sediments with high ferric-oxide
contents (Holes 447, 449) inherent in intra-arc-basin
deposits are well correlated with fluctuations of 6180
values for interstitial water of these sediments (Fig. 3;
the correlation coefficient 7 for 6130y, versus Fe+3/Al
= 0.90). Also, results of the examination of interstitial
water from carbonate samples generally do not con-
tradict this dependence. Sample 448-6-3, 140-150 cm,
which at first seems to be an exception, has been cored
near a lens consisting of 60% amorphous ferric hydrox-
ides, according to the lithologic description of Horizon
448-6-3, 87 cm. That is why the interstitial water richest
in heavy oxygen (8!80 = 0.5%.) in this area seems to
confirm this relationship.

Thus we may conclude from the data on the oxygen
isotopic composition of interstitial water in the volcano-
genic sediments of the southern part of the Philippine
Sea that the isotopic and chemical composition of the
water is controlled by its low-temperature interaction
with volcanogenic rock or with the admixture of vol-



canic glass in sediments. This process is active at dif-
ferent intensities throughout the volcanogenic-sedimen-
tary rocks beginning with the first meters below the sea-
floor, where interstitial water is already poor in !80.
However, this process is most pronounced in the contin-
uous volcanic tuff of Hole 450, where the deficit of the
heavy oxygen isotope appears to be highest. Based on
our data and other reported data, we think that this
natural process is affected by a second natural process
within the sedimentary part of the section. In our opin-
ion, the second process is of more local significance and
controls the inverse character of the general behavior of
6180 values for interstitial water. This second process is
the authigenic mineralization that occurs in the sedi-
mentary material. Recrystallization of carbonate and
silica frameworks may turn out to be one of the factors
that induces the increase in the heavy oxygen content in
sedimentary interstitial water. A possible consequence
of this process is well known (Lawrence et al., 1975).
Another possible reason for this effect is the formation
of ferric oxides and hydroxides, as explained previously
in this chapter. The isotopic impact of numerous reac-
tions accompanying the alteration of silicate mineral
associations with increasing depth (Kossovskaya and
Shutov, 1975) remains unclear, however.

The constant sulfur isotopic composition of sulfates
in interstitial water and the negligible fluctuations of the
sulfate concentrations around the mean value for ocean
water suggest that sulfate reduction and the processes
that affect supply and loss of sulfur did not occur or had
a negligible effect from the time of burial. This is also
confirmed by the absence or trace amounts of sulfides in
sediments.

Biogenic Carbonates

We attempted to estimate the general temperature
trends in the paleobasins of the Philippine Sea region,
although the carbon and oxygen isotopic compositions
were analyzed in the total carbonate, and no special
paleotemperature studies were undertaken. The oxygen
isotopic composition of the biogenic carbonates relative
to their age is presented in Figure 4, where paleotem-
peratures derived (after Epstein et al., 1953; Craig,
1965) from contemporaneous oxygen composition of in-
itial seawater are also shown. Leg 59 data correlate well
with results of paleotemperature investigations of the
same region and the adjacent part of the Pacific
(Fischer, Heezen, et al., 1971; Winterer, Ewing, et al.,
1973; Douglas and Savin, 1973). Only three samples
mentioned earlier, including the recrystallized carbonate
portion, proved to be lighter, thus conditions of forma-
tion may be misrepresented (Holes 447A, 450).

Calcite Intercalations, Disseminated Carbonates
and Pyrite in Tuff, and Volcaniclastic Breccias
Interbedded with Basalt Flows (Holes 448, 448A);
Hydrothermally Altered Rocks

In many cases isotopic compositions of calcite inter-
calations in volcanogenic, volcanogenic-sedimentary,
and igneous rocks cored from DSDP holes originate
from low-temperature processes of the chemical and

ISOTOPIC STUDIES

isotopic exchange between rocks and interstitial water.
At the same time, some isotopic data indicate that cer-
tain solutions, probably different in composition from
ocean water, participated in the secondary transforma-
tions of these rocks. In this context we shall mention
data for (1) the carbon isotopic composition of inclu-
sions in the Mid-Atlantic Ridge basalts: 68C =
—15%, to —24%, (Pineau and Javoy, 1976); (2) isotop-
ically light sulfides detected in basalts of the Mid-
Atlantic Ridge and some other rift zones: 634S up to
—33.4%, (Krouse et al., 1977; Grinenko et al., 1978);
and finally (3) calcites significantly richer in 2C in
hydrothermally altered deep-sea sediments (Anderson
and Lawrence, 1976).

Secondary calcite from the upper zone of tuff and
volcaniclastic breccias (interbedded with basalts) has
carbon and oxygen isotopic compositions similar to
those of pelagic carbonates (Table 2); this proves that
seawater is the solution in which calcite was precipi-
tated. In this case, calculated temperatures of the for-
mation of these intercalations fall within 5.3°C and
12.1°C (here and in the following material, tempera-
tures have been calculated after O’Neil et al., 1969). It is
highly probable, however, that intercalated calcites were
formed in interstitial water already transformed by its
interaction with rocks. If 8180 for initial water is taken
as —1.5%, (interstitial water of the tuff in Hole 450), the
equilibrium formative temperature for these intercala-
tions amounts to 0.1°C to 6.1°C. Temperature condi-
tions for the formation of calcites of the upper zone of
volcaniclastic breccias (Holes 448, 448A, 518-712 m
sub-bottom depth) are practically equal to seafloor
temperatures, as our estimates show; this fact indicates
that the formation of veins has resulted from the low-
temperature water-rock interaction.

However, the volcaniclastic breccias and tuffs cored
deeper than 736 meters contain carbonates that are
much richer in light oxygen, which may be a response to
the hydrothermal alteration of these rocks (see the
lithologic description in Table 2 as well as in the site
chapter, this volume). It is in that part of the section
that we observe a significant amount of pyrite as well as
a considerable lightness of its isotopic composition (6348
up to —21.9%,, Table 2). An irregularity in the 2C
values is also typical for the same depths: the §!13C of
calcite fluctuates around —10%. below the 736 meter
depth. Such simultaneous lightness of the isotopic com-
position for various elements within the same-depth in-
terval of Hole 448A suggests a genetic interrelationship
between these effects.

One of the questions that should be solved using the
observed isotopic composition data is: To what extent
are the high-temperature (hydrothermal) rock-alteration
processes responsible for the genesis of the studied
minerals and their isotopic composition?

Data on the equilibrium formation temperatures for
calcite in the upper zone of basalt flows and vol-
caniclastic breccias as well as for carbonates in lower
zones are presented in Table 3 for extreme cases: initial
water corresponding to the ocean standard and water
transformed to 680 = —1.5%, owing to its interaction
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Table 3. Equilibrium temperatures for precipitation of calcites and carbon isotopic composition of initial CO3 in
tuffs and volcaniclastic breccias in Holes 451, 448, and 448A.

S

813C of COzP (%/,.)

Sample

(interval in ¢m) 6!80H20ini[. =

-1.5 8180m,04pir, = 0.0 8'80H,04nit, =

~1.5  8'301,04nir. = 0.0

451-54-2, 0-8 15.5
448-58-1, 6-14 0.4
448A-38-2, 30-39 6.1
448A-39-1, 68-74 4.5
448A-42-1, 0-11 36.7
448A-42-5, 38-45 33.5
448A-43-3, 95-100 31.0
448A-50-3, 85-93 13.4
448A-56-2, 51-56 18.5¢
448A-58-2, 45-51 24.1
448A-64-2, 44-47 20.0

22.2
5.3

12.1
10.5
45.0
41.6
38.8
20.0

23.9¢

31.5
27.0

-12.0 -11.2
-14.1 —13.5
-13.6 -12.9
—14.0 —13.4
-11.9 =111
-22.9 -22.1
—18.0 -17.7
-20.8 —20.1
—60.5 —-59.8
-21.0 -20.2
-21.4 -20.6

4 Equilibrium temperatures are calculated after O'Neil et al., 1969.
b Calculation of 613C in equilibrium with CO7 (after Bottinga, 1969). ) ) )
€ Calculated temperatures of calcite precipitation for all examined horizons in tuffs and volcaniclastic breccias.

with rocks. According to the results obtained, the
temperature range for the formation of carbonate inter-
calations and inclusions in this zone is estimated to be
13.4°C to 45.0°C and is too low to be considered the
result of a hydrothermal process. So it may be supposed
that in this case seawater is only slightly heated; all
calculated equilibrium temperatures appear to be lower
or approximately equal to those corresponding to the
geothermal gradient of 4°C to 5°C/100 meters (Law-
rence et al., 1975).

Temperatures of the lower ‘‘hydrothermally altered”’
part of Hole 448A are only slightly higher than those of
upper horizons. It is doubtful that higher temperatures
of solutions are responsible for differences in minerali-
zation processes in the upper part or the lower part of
the hole. This conclusion is also confirmed by the exam-
ination of Sample 448A-56-2, 51-56 cm, which suggests
that calcite has precipitated from interstitial water: its
oxygen is highly enriched in the light isotope, although
additional tests and more extensive materials are neces-
sary. If we assume that the temperature of the precipita-
tion of that calcite is equal to the average temperature
calculated for carbonates of the ‘‘hydrothermally
altered’” volcaniclastic breccias in Hole 448A, then the
6180 value of water in equilibrium with calcite is close to
that of continental meteoric water. It is noteworthy that
the oxygen isotopic composition of carbonate from
Hole 451, from the younger West Mariana island arc,
also may be interpreted in two ways. Here an equili-
brium formation temperature of calcite in contact with
unaltered ocean water (for Sample 451-34-1, 140-150
cm) is 150°C. This suggests that in this case a true
hydrothermal temperature was reached. However,
hydrothermal alterations have not been found in this
sample. If we assume that the carbonate formation tem-
peratures of this horizon do not significantly differ
from those found for carbonates of Hole 448A (con-
firmed by a sample from Hole 451 cored deeper than
this horizon—Sample 451-54-2, 0-8 cm—see Table 3),
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we can also show in this case that water of circulating
solutions is significantly richer in light oxygen. It should
be mentioned that lignite was detected in the lower part
of Hole 451; this phenomenon probably required a
subaerial formation environment.

From a summary of these results, we may conclude
that the deepest horizons of samples from island arcs
were probably formed at comparatively shallow depths
or even partially subaerially. Thus we may suppose that
favorable conditions for oxidation-reduction reactions
associated with organic material occurred between ba-
salt eruptions. It has already been noted that the carbon
isotopic composition of carbonates from deep horizons
in volcaniclastic breccias is considerably richer in 2C
(about —10%,). An extreme 6!3C value for Sample
448A-52-2, 51-56 cm testifies to the fact that oxidation
of the organic material accounts for the formation of
carbonic acid, and the level of accumulation of light
carbon shows that it could be identified only as bio-
chemical methane. The isotopic composition of carbon
in equilibrium with CO, at other horizons in the deeper
part of the section of Hole 448A (Table 3) confirms that
organic carbon was involved in the calcite formation. A
sufficiently high correlation between the carbonate con-
tent in the rock and its carbon isotopic composition (r
for CO, versus 6!3C = 0.7) suggests that bicarbonate,
formed through organic material oxidation, and com-
mon seawater bicarbonate were mixed during formation
of the carbonate.

Sulfides that are richer in light sulfur and have
significant fluctuations of the §34S values may serve as
an additional proof of the previous statement. How-
ever, similar sulfur isotopic compositions sometimes
have been detected in intercalations and inclusions of
sulfides within basalts (Smitheringale and Jensen, 1963;
Krouse et al., 1977; Grinenko et al., 1978). This phe-
nomenon requires speculation about possible sources
for the formation of sulfides with such isotopic com-
position.



Disseminated blebs and veins of sulfide of this type
have three hypothetical origins: (1) interaction of sea-
water and basalts; (2) precipitation from hydrothermal
solutions with changing pH, f,,, and T parameters; and
(3) exchange of sedimentary sulfides with circulating
solutions.

In the first case, partial reduction of seawater sulfate
with the subsequent formation of sulfides can occur as
a result of the interaction between seawater and hot
basalts. Such interaction, however, should be expected
at a temperature not lower than 200°C. Because the
separation factor for the chemical reduction of sulfates
at 200°C is equal to 1.014 (Grinenko et al., 1969) and
does not exceed 1.022 even at 25°C (Harrison and
Thode, 1957), the formation of sulfides with very low
638 values cannot be considered a consequence of the
kinetic effect that accompanies the reduction of sea-
water sulfates of 63 = 20%,. The partial reduction of
sea sulfates followed by a stable isotopic exchange be-
tween sulfides and sulfates is also unsatisfactory,
because this process requires temperatures lower than
200°C for sulfides of %S = —21%,; the sulfate-
reduction process and the possibility of stable isotopic
equilibrium seem improbable at such temperatures.

Sulfides that are supposed to be formed from
hydrothermal solutions (with initial sulfur of §%S close
to that of initial basalts—(8%S = + 1%, [Kaneshira et
al., 1973; Grinenko et al., 1975]) as a result of the
change of physical-chemical parameters of the solu-
tions, can have low %S values only if the sulfate form
of sulfur is predominant. In the tuff and volcaniclastic
breccias in Hole 448A, the lowest 6348 value was found
in rocks with the highest sulfide content (r for S, ver-
sus 634S = —0.8). Therefore this model will not con-
tradict the data only if the change in solution param-
eters and the precipitation of sulfides are separated in
time and space.

The simplest model for the formation of the observed
sulfides (Table 2) is that of bacterial reduction of
seawater sulfate. In this case, the nonuniform isotopic
composition of sulfur from sulfides is associated with
various degrees of sulfate reduction. Sulfate reduction
occurs simultaneously with the oxidation of the organic
material followed by the generation of carbonic acid
that has light carbon.

We think that the latter model more closely fits all the
isotopic data discussed above. It also does not con-
tradict the data derived from organic-geochemical ex-
amination of Hole 448, which suggest periods of high
organic productivity after eruptions (see the Site 448
report, this volume).

In summary, these data on the isotopic composition
of carbonate and sulfide inclusions and intercalations in
interbedded basalts, tuffs, and volcaniclastic breccias
lead us to some preliminary conclusions:

1) The formation of intercalations and inclusions of
carbonates in the shallower depths (518-712 m) resulted
from the low-temperature interaction between water
and rocks.
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2) The formative temperature for carbonate at the
deeper parts (deeper than 736 m) also seems to be rather
low (no higher than 45°C) and does not exceed values
for a geothermal gradient of 4 to 5°C/100 meters.

3) The isotopic composition of carbonates and
sulfides is largely determined by the participation of
biogenic processes in mineral formation.

4) The deepest parts of Hole 448 and perhaps of
Hole 451 could have been formed in more shallow seas,
possibly in subaerial conditions in some cases.
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