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GEOCHEMISTRY OF FRAMBOIDAL PYRITE FROM SITE 795, LEG 127, JAPAN SEA!

Toshiyuki Masuzawa,? Jitsuya Takada,® and Rokuji Matsushita?

ABSTRACT

Sixty sediment samples collected every 10 m from Holes 795A and 795B in the northern Japan Sea were analyzed for 27
major and trace elements using instrumental neutron activation analysis, and for total organic carbon (TOC), total nitrogen, and
total sulfur (TS). Sulfur isotope ratio (§**Scpy) was measured on sedimentary framboidal pyrite isolated from sediments with a
high sulfur content. The changes in redox condition of the bottom water of the sea are estimated from vertical variations of redox
sensitive elements (TOC, TS, Mn, Sb, U, and As) and from TOC-TS and TS-8**S¢py relationships. These data were compared
to those from a piston core (KH77-3-L4") collected near Site 795. The estimated changes in the redox condition are: a variation
between less oxic and less euxinic in Units 5, 4B, 4A, and 3 (ca. 13-15 to 67 Ma); oxic but less so than that of the present Japan
Sea with diagenetic sulfate reduction under very high biological productivity in Unit 2 (ca. 67 to 2.4 Ma); and a drastic variation
between oxic, similar to the present bottom water, and euxinic, similar to that during the last glacial period in the sea, in Units

1B (ca. 2.4-1.2 Ma) and 1A (ca. 1.2 Ma 1o the present).

INTRODUCTION

The Japan Sea is a marginal sea behind the Japanese island arc
with an abyssal plain about 3,500 m deep. Deep and bottom waters
of the sea are isolated from the open ocean by shallow sills with
maximum depths of 10-135 m. The deep and bottom waters are,
however, almost uniform in salinity (34.06 0/0—-34.08 0/), tempera-
ture (0.0°-0.4°C), and dissolved oxygen concentration (5.0-5.8 ml/L;
Nitani, 1972). Thus, the present Japan Sea is highly oxic. A drastic
environmental change through the last glacial period has been sug-
gested by paleontological (e.g., Araietal., 1981; Obaetal., 1991) and
geochemical (Masuzawa and Kitano, 1983b, 1984; Masuzawa and
Kusakabe, unpubl. data; Masuzawa et al., in press) studies of piston
core samples. The drastic change has been thought to be due to
changes in the hydrology of the sea related to those in climate and in
sea level through the last glacial period. Appearance of H,S-bearing
bottom waters during the last glacial period has been indicated by
vertical profiles of total sulfur content (Masuzawa and Kitano, 1984)
and sulfur isotope ratio of isolated framboidal pyrite (Masuzawa and
Kusakabe, unpubl. data) in a piston core (KH77-3-L4") from the
northern Japan Basin. Masuzawa et al. (in press) recognized a change
between oxic and euxinic bottom waters from vertical profiles of
redox-sensitive elements such as Mn, Ce, Sb, U, As, S, and C of the
same piston core through the last glacial period.

The Black Sea and the Cariaco Basin are typical euxinic basins at
the present time. Oxygen-deficient environments have been reported
in the South Atlantic Ocean after its opening (e.g., Brumsack, 1980)
and in the eastern Mediterranean Sea in the Pleistocene and Quater-
nary as evidenced by the deposition of sapropel layers (e.g., Cita and
Grignani, 1982). Such drastic change in redox conditions of the
bottom water could be expected from the geologic history of the Japan
Sea. The aim of the present paper is to survey the general trend of the
change in redox conditions of the bottom water of the sea since its
birth. The authors have analyzed 60 sediment samples collected every
10 m from Site 795, which is near piston core KH77-3-L4’, in the
northern Japan Basin. We report major and trace-element contents
measured by neutron activation analysis, as well as sulfur isotope
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ratios of sedimentary pyrite isolated from these sediment samples.
The changes in redox conditions of the bottom water of the sea since
its birth are discussed based on the distributions of redox-sensitive
elements and sulfur isotope ratios of sedimentary pyrite with refer-
ence to those data from the piston core.

MATERIALS AND METHODS

Sixty sediment samples were taken from split cores on board the
JOIDES Resolution according to a routine sample spacing of ca. 10 m
from Holes 795A and 795B (43.987°N, 138.967°E, 3,300 m water
depth). The samples were sealed in polyethylene bags, stored in a
refrigerator, and brought to the shore-based laboratory. A part of each
sample was vacuum-dried at 60°C and powdered in an agate mortar
for chemical analysis.

Total organic carbon (TOC) and total nitrogen (TN) were determined
using a Yanaco MTS-2 CHN analyzer after removal of carbonate carbon
with dilute hydrochloric acid and vacuum-drying at 60°C. Total sulfur
(TS) was determined with a DIONEX QIC ion chromatograph after
pressurized microwave digestion with hydrogen peroxide and leaching
with 0.1M Na,COj solution (Takamatsu and Kawashima, 1988; Kojima
et al., 1988). TS content was corrected by subtracting the amount of
pore-water sulfate contained in the dried sample, which was estimated
from pore-water composition (Tamaki, Pisciotto, Allan, et al., 1990) and
Cl content.

Instrumental neutron activation analysis (INAA; Koyama et al.,
1987; Masuzawa et al., 1989; Masuzawa and Koyama, 1989) was
performed using the KUR reactor of Kyoto University for the deter-
mination of 27 major and trace elements.

Stable sulfur isotope ratio of sedimentary pyrite was measured by the
method of Masuzawa and Kusakabe (unpubl. data): A portion of wet
sediment sample (6-8 g) with a TS content of ca. >0.5% was suspended
in 0.0025M Na,P,0; solution and the supernatant solution was discarded
after a few hours. This process was repeated several times to remove most
of the clay particles. The residue was treated with concentrated hydroflu-
oric acid and with 6M hydrochloric acid on a hot plate. It was then
transferred to a glass vial and suspended in tetrabromoethane (d = 2.98
g/em®); the suspension was then centrifuged. Sedimentary pyrite was
obtained in the fraction heavier than tetrabromoethane. About 10 mg of
dried pyrite was decomposed with aqua regia and dissolved in 0.1M
hydrochloric acid. Then it was passed through a cation exchange column
to remove iron, and sulfur was precipitated as barium sulfate. Sulfur
isotope ratio was measured using the thermal decomposition method of
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barium sulfate (Yanagisawa and Sakai, 1983) with a SIRA-10 mass
spectrometer, and expressed in the & notation as per mil (0/00) deviation
from that of troilite in Canyon Diablo meteorite (CDT).

Isolated pyrite grains were examined with an optical microscope
and a Hitachi X-560 scanning electron microscope (SEM) in conjunc-
tion with an EDAX PV-9900 energy dispersive X-ray fluorescence
analysis system (EDS).

The lithology of Site 795 described by Tada and lijima (this
volume) is as follows: Unit 1A, distinctly banded dark and light clay
and silty clay (0-64.6 mbsf); Unit 1B, faintly banded dark and light
clay and silty clay (64.6-142.2 mbsf); Unit 2, homogeneous diatom
ooze and diatom clay (142.2-395 mbsf): Unit 3, rhythmical alterna-
tions of dark and light diatom silty clay or siliceous silty claystone
with burrow cycles (395-525 mbsf); Unit 4A, rhythmical alternations
of dark chert and light siliceous claystone (525-587 mbsf); Unit 4B,
siliceous claystone with horizontal burrows (587-645 mbsf); Unit 5,
claystone with faint lamination and horizontal burrows (645-684
mbsf); and basaltic sill and lava (684-762 mbsf). Opal-A/opal-CT
and opal-CT/quartz boundaries were found at 325 and 471 mbsf,
respectively, and the top of the base rock has an estimated age of
13.0-15.0 Ma (Tamaki, Pisciotto, Allan, et al., 1990).

RESULTS AND DISCUSSION

Analytical results of TOC, TN, C/N, TS, and 27 major and trace
elements of 60 sediment samples from Site 795 are listed in Table 1.
This table also includes §**Scpy data of sedimentary pyrite. Vertical
profiles of Al, Fe, and Cr (Fig. 1), Th, Hf, and Cs (Fig. 2), Sc. La, and
Ce (Fig. 3), Ba, Zn, and Co (Fig. 4), TOC, TS, and Mn (Fig. 5). and
Sb, U, and As (Fig. 6) are shown in Figures 1-6 with the lithology
described by Tada and lijima (this volume). The shipboard results of

TOC and TS (Tamaki, Pisciotto, Allan, et al., 1990) are included in
Figure 5.

Al and Refractory Elements

Al contents (Fig. 1) are relatively low in Unit 2 and very low at
several layers. The low Al contents of Unit 2 and several layers are
due to the high diatom contents of these layers (Tamaki, Pisciotto,
Allan, et al., 1990). Vertical profiles of Th, Hf, Cs, Sc, La, and Ce
(Figs. 2 and 3) are very similar to that of Al. These elements show a
refractory nature, and are thought to be contained in aluminosilicate
particles behaving similarly to Al (Masuzawa et al., 1989).

TOC and TS

TOC content varies remarkably in Units 1A and 1B (0.15%—4.31%),
shows a relatively low value in Unit 2, and a slightly higher value in Units
3,4A, 4B, and 5 (Fig. 5). The TS content is also highly variable in Units
1A and 1B (0.04%-9.34%), shows a moderate value in Unit 2, and a
slightly higher value in Units 3, 4A, 4B, and 5 (Fig. 5).

Sudden increases in the sulfur content of up to 5.0%, mostly as
framboidal pyrite, were found in a piston core near Site 795 in the
northern Japan Basin (KH77-3-L4"; 43°00.3'N, 138°28.1'E: 3,540 m
water depth; 528 cm long). This observation indicates the appearance
of H,S-bearing (euxinic) bottom waters in the Japan Sea during the
last glacial period (Masuzawa and Kitano, 1984). Core KH77-3-L4
is the only one without diagenetic sulfate reduction among 14 piston
cores collected from the Japan Sea (Masuzawa and Kitano, 1983a;
Masuzawa, 1987). The accumulation of sulfur as framboidal pyrite in
areas without any hydrothermal activity is the result of microbial
hydrogen sulfide via two possible ways: diagenetic sulfate reduction
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Figure 1. Vertical profiles of Al (left), Fe (middle), and Cr (right) at Site 795. The left-side column shows the lithology described by Tada and lijima (this volume):
Unit 1A (0-64.6 mbsf), Unit 1B (64.6—142.2 mbsf), Unit 2 (142.2-395 mbsf), Unit 3 (395-525 mbsf), Unit 4A (525-587 mbsf), Unit 4B (587645 mbsf), Unit 5

(645-684 mbsf), and basaltic sill and lava (684762 mbsf).
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Figure 3. Vertical profiles of Sc (left), La (middle), and Ce (right) at Site 795 (lithology as in Fig. 1).
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Table 1. Sediment Chemistry at Site 795,

Core, section Depth TOC TN TS &'s Al Fe Na Cl Mn Br As Sb Zn
Hole interval (cm) (mbsf) (%) (%) CIN (%) O0) (%) (%) (%0) (%) (ppm)  (ppm) (ppm) (ppm) (ppm)
T95A 01H-04  84-86 534 055 0087 64 007 561 406 250 2.06 890 80 7.0 26 177
02H-05  53-55 1583 052 0070 74 006 745 475 203 146 2740 53 9.5 42 171
03H-05 3941 25.19 033  0.058 5.6 0.05 6.81 438 292 294 3250 105 3.2 1.6 139
04H-03 114-116 3244 1.00 0.117 8.6 313 407 732 503 212 1.56 760 63 88.6 11.2 181
05H-02 83-85 4013 037 0.064 58 007 745 430 226 1.79 1650 62 1.9 23 151
06H-03  16-18 5046 314 0254 124 384 418 322 383 251 311 900 156 569 100 43
07TH-04 3941 61.69 233 0.190 123 633 483 203 533 252 3.28 590 171 85.1 118
08H-04  59-61 71.39 0.51 0.097 52 0.06 .15 772 237 2.07 1800 80 96.4 8.4 100
09H-04  60-62 8090 026  0.057 46 0.4 721 510 268 2.52 780 92 4.6 1.6 171
10H-01  59-61 8589 028 0.072 38 005 738 416  3.00 2.70 410 105 25 1.5 175
11H-03  59-61 98.39 029  0.068 4.3 0.61 734 435 220 1.79 930 58 1.5 14 147
12H-03 8991  108.19 040 0.077 52 0.0 724 340 254 243 460 76 1> 1.1 130
13H-05 8385 12063  0.69  0.095 72 014 383 605 294 244 213 970 79 49 39 175
14H-06  84-86  131.64 030  0.081 37 052 415 581 296 244 2.44 1870 95 7.0 55 212
I5H-06  83-85 141.13 030 0.073 4.1 0.27 7.05 361 2.64 2,48 1080 86 4.2 1.3 36
16H-04  17-19 14697 065 0097 66 084 -327 554 341 239 2.05 940 82 8.8 32 157
18H-06  85-87 16125 061  0.104 59 114 1.6 630 418 249 227 520 79 10.0 29 173
19H-06 84-86 17074 057 0.102 57 1.03  -121 670 348 2359 235 670 81 6.0 22 179
21X-04  54-56  186.64 072 0.096 76 091 -131 528 317 263 254 590 99 1> 34 163
22X-04  53-55 196.23 0.69  0.090 7 0.81 -272 408 261 2.62 2.67 520 117 58 31 71
25X-05  54-56 22585 043 0079 55 076 -237 616 346 262 244 760 87 1> 20 133
26X-05 54-56 23664 063 0.091 69 098 321 506 284 256 2.40 680 95 2.9 27 68
27X-05 54-56 24644 065 0108 6.1 0.97 -8.0 556 334 244 171 710 84 4.1 26 57
29X-03  17-19 26267 058  0.100 58 094 -376 495 312 238 2.14 530 87 21 24 53
30X-01  55-57  269.85 0.63  0.098 6.4 1.09  -351 494 334 224 1.75 400 73 6.8 19 37
31X-03  56-58 282.66 0.63 0.091 6.9 .17 -357 569 373 233 1.68 540 66 31 2.6 55
34X-03  58-60 311.48 0.72 0.102 Til 074 -386 517 292 254 1.88 370 85 10.4 22 42
795B 01R-02  81-83 367.51 0.41 0.066 6.1 054 -238 578 3.05 1.47 0.68 350 27 4.8 1.4 35
02R-02 7476 37724 066 0082 8.1 1.00  -444 552 285 137 0.59 410 36 8.1 3.0 52
03R-01 2123 38491 096  0.077 124 097 390 225 L4 0.58 330 6 6.0 23 48
04R-01 88-90 39528 0.58  0.057 10.2 097 413 422 260 118 0.54 310 34 7.2 26 40
05R-01 79-81  404.89 051  0.067 77 082 447 229 LI6 0.54 340 33 32 1.8 45
06R-01 8183 41461 098  0.112 87 211 -390 555 392 133 0.62 500 44 8.5 55 72
07R-01  56-59 42366  1.34  0.148 90 119 414 659 434 150 0.46 620 35 22 34 84
0BR-01 92-94 43372  1.03  0.092 1.2 090 417 380 245 097 0.53 290 34 4.6 25 40
09R-01 120-122 443.60 0.50  0.055 9.0 030 -25.1 2.16 1.05 071 0.42 100 33 20 i2 24
10R-04 36-36 45684 103  0.128 8.1 154 -375 700 406 134 0.36 410 27 45 3.6 320
11IR-03  26-28  464.96 0.61 0.100 6.0 1.87 142 626 3.64 1.51 1.05 410 43 3.0 2.5 180
12R-03  27-29 47467 054 0096 57 1.07  -349 655 343 136 0.57 440 33 28 4.9 114
13R-03  27-29 48427 050  0.074 67 052 94 544 272 103 0.34 330 24 1.8 24 100
14R-03  24-26 49394 063  0.007 6.6 227 324 668 397 LI3 0.50 290 34 10.4 36 122
I5R-01 148-150 50148 056  0.080 70 060 -315  7.03 346 112 0.52 270 25 1.9 2.4
16R-02  62-64 51182 091 0117 78 124 -288 674 403 1.9 0.40 270 36 83 29 84
17R-02  67-69 52157 064  0.079 8.1 210 -331 529 325 092 0.43 460 27 3.1 4.0 243
IBR-02 6769 53127 120 0114 105 123 208 574 288 101 0.61 240 19 9.4 2.6 188
19R-02 66-68 54086 075  0.077 98 056 -37.3 694 224 092 0.46 120 32 2.7 1.8 140
20R-05  31-33 554.71 0.55 0.067 8.2 .70 -258 539 308 094 0.48 240 24 4.6 2.5 183
22R-02  60-62  569.80 0.68  (.069 99 173 -200 457 263 086 0.50 180 31 9.4 2.6 132
22R-03  90-92 571.04 0.54  0.063 8.5 096 -348 486 24 0.89 0.51 170 27 29 1.9 59
23R-01 125-127 57865 026  0.030 87 279 07 812 525 109 0.44 90 24 8.6 is 47
23R-03 101-103 58141 052  0.058 89 076 -392 688 290 095 0.36 140 25 1> 1.3 197
24R-04  9-11 59053 0.17  0.038 46 615 1.5 760 506 092 0.40 60 28 12.2 4.4
25R-06 100-102 60520 040  0.051 79 149 306 360 221 072 0.44 100 26 1> 23 52
26R-06 114-116 61504 051  0.069 74 083 444 449 217 076 0.35 150 23 1> 6.0 52
27R-02  B3-85 61833 034 0.063 54 233 219 639 414 094 0.25 230 2 1> 27 227
28R-02 76-78  627.96 037  0.065 57 1.88  -27.0 647 410 098 0.40 230 22 53 2.5 62
20R-03  63-65 63893 040  0.052 78 048 377 650 312 095 0.32 210 20 1> 20 164
30R-03 4547 64835 043 0.047 92 114 -390 594 289 079 0.30 190 20 1> 1.4 34
3IR-04 4749 65947 041  0.053 77 099 413 634 343 085 0.31 250 19 1> 1.6 189
32R-03  13-15  667.33 070 0,059 1.8 061 453 667 267 085 0.38 220 23 8.7 1.7 74

(diagenetic sulfide deposition) and euxinic bottom water (syngenetic
sulfide deposition). TS contents resulting from diagenetic sulfate
reduction hardly exceed 2.0% and are generally less than 1.5%,
because the supply of seawater sulfate by diffusion is limited with
increasing depth (Goldhaber and Kaplan, 1980; Masuzawa and Ki-
tano, 1983b). A very high TS content indicates syngenetic formation
of iron sulfide under an euxinic bottom water.

A method has been proposed to distinguish euxinic (H,S-containing)
from normal marine (dissolved-oxygen-containing) environments by
plots of TS vs. TOC of sediments (Leventhal, 1983; Raiswell and Berner,
1985). ATS vs. TOC plot shows a positive correlation with nearly zero
TS intercept in normal marine environments, whereas a positive TS
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intercept between 1% and 2% is observed in an euxinic basin (the
Black Sea). The positive TS intercept is due to syngenetic formation
of iron sulfide under euxinic bottom water.

Figure 7 is a plot of TS vs. TOC of sediments from Site 795 with
idealized relationships between TOC and TS in normal marine envi-
ronments (NM) and in the Black Sea (BS) after Leventhal (1983). The
TOC-TS plot for Units 1A and 1B (Fig. 7A) is quite different from
those for Units 2 to 5 (Figs. 7B—7D). Both TOC and TS contents are
highly variable in Units 1A and 1B with many layers of very low TOC
and TS contents (Fig. 7A).

In Units 1A and 1B many of the TS contents are much higher than
the idealized relationship for normal marine sediments (NM) and higher



Table 1 (continued).

SEDIMENT AND PYRITE GEOCHEMISTRY

Co Cr v Ba Rb Cs Th Hf Ta u Sc La Ce Sm Eu Th Yb Lu
(ppm)  (ppm)  (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (PPM) (PPM) (ppm) (ppm) (ppm)
21.8 74 134 820 174 10.1 11.5 48 0.95 4.8 14.1 37.8 73 2.6 1.24 0.75 38 056
359 80 142 750 140 10.0 1.8 52 1.11 39 13.5 343 72 6.6 1.13 0.67 31 061
232 61 152 930 153 9.9 10.8 5.4 0.79 4.8 148 323 63 6.8 1.21 0.55 34 0.60
40.6 75 129 980 135 9.2 10.5 5.4 111 6.7 13.6 30.6 57 6.0 1.04 0.69 39 057
312 83 144 1000 145 9.8 1.2 49 1.02 34 13.8 31.7 63 6.1 1.06 0.84 29 053
49.4 39 178 2300 78 4.5 5.0 2.1 0.45 85 72 15.9 31 39 0.72 1.9 048

7.9 29 141 690 2.0 3.0 1.4 5.0 4.0 11.2 21 26 0.39 0.29
12.6 62 147 1080 114 7.8 10.3 42 33 134 273 55 5.4 1.15 20 052
20.1 75 116 1680 120 6.9 8.8 4.1 0.79 33 138 24.5 58 53 1.18 1.15 3.1 0.35
17.5 64 1t 1180 132 8.0 12.1 52 1.50 4.0 14.1 315 66 6.4 .12 1.02 34 063
253 67 141 910 129 8.6 94 42 0.76 22 12.7 256 50 52 0.86 0.53 29 034
124 60 124 980 100 7.0 79 43 0.61 2.1 13.1 24.1 48 4.8 1.03 0.75 26 065
16.4 52 151 1480 78 6.0 74 32 0.54 4.5 10.7 224 49 4.6 0.96 30 061
226 56 160 990 109 6.3 6.3 35 0.60 is5 101 19.4 42 4.0 0.88 0.55 23 047
297 64 92 1210 127 6.4 7.8 16 0.57 29 11.8 225 44 49 0.92 0.59 29 042
244 65 110 1710 91 58 6.2 4.0 0.57 37 10.9 18.2 36 3.9 0.90 20 047
26.1 70 134 1520 97 6.7 7.2 3.7 0.56 i5 13.9 21.2 48 4.7 1.05 0.59 33 044
18.9 73 149 1070 108 7.2 79 39 0.67 24 13.5 21.5 46 4.7 0.87 0.67 28 043
18.5 62 136 1100 57 6.3 33 045 34 10.7 18.1 39 4.1 0.72 28 0.53
17.6 53 114 970 43 5.0 24 15 8.5 14.0 30 ER| 0.60 0.56 1.7 038
19.2 67 138 1030 70 6.9 6.3 29 0.74 11.7 19.2 47 4.0 0.80 0.43 22 044
15.7 61 106 880 51 5.7 55 26 0.50 2.0 10.6 150 39 3.3 0.65 0.57 22 031
20.6 67 170 950 a4 5.7 5.6 30 36 11.2 17.4 42 37 0.84 0.56 25 052
14.7 57 140 780 42 49 49 25 0.53 23 10.4 14.5 33 3.1 0.65 21 037
148 65 124 850 75 5.0 49 3.0 0.44 4.1 10.5 154 36 3.1 0.62 1.9 033
15.3 81 126 790 92 7.1 6.0 15 0.75 31 1.7 17.1 39 34 0.74 0.47 1.7 039
14.2 68 152 810 89 5.8 53 2.7 0.42 3.6 10.2 16.3 38 34 0.59 0.65 1.9 043
12.2 62 125 650 73 6.7 6.0 3.0 0.56 33 10.6 17.2 37 35 0.81 0.50 1.8 0.48
17.7 66 139 1080 80 5.8 6.0 2.8 0.40 5.8 10.7 16.4 45 38 0.65 0.68 27 039
15.0 43 83 660 66 42 4.4 1.8 0.46 4.1 7.6 12.4 32 27 0.45 1.8 040
123 51 109 670 59 5.7 5.6 2.7 57 9.1 156 41 33 0.59 1.8 033
11.7 42 100 510 52 6.0 52 23 0.35 48 8.4 14.3 39 32 0.58 0.50 19 033
23.7 62 184 800 116 7.4 7.1 28 0.56 6.6 11.7 20.1 58 45 0.78 0.70 1.8 054
243 77 193 1920 98 8.1 9.2 7 0.60 8.4 15.0 289 76 6.1 1.10 0.72 27 067
164 44 100 720 48 52 50 1.7 0.54 1.6 7.8 13.1 38 29 0.60 14 034

9.1 28 67 350 33 25 1.3 1.7 4.1 7.0 21 1.6 0.38 09 020
36.8 75 201 670 153 9.2 9.0 42 0.59 47 14.5 27.1 70 57 I.11 0.84 25 033
221 70 146 710 130 78 8.0 37 0.63 5.1 11.6 21.9 51 44 0.82 26 046
29.5 67 163 240 134 1.7 79 36 0.67 2.5 12.0 234 59 4.8 0.97 0.64 23 040
18.3 54 136 690 105 7.5 7.0 2.8 0.57 37 9.9 19.2 54 4.0 0.75 23 039
28.8 66 130 690 154 8.7 9.0 3.0 59 1.2 24.5 59 48 0.74 24 041
16.4 58 166 790 131 9.2 9.3 3.1 0.82 5.5 12.1 254 74 5.1 0.85 23 047
20.7 98 137 620 132 10.8 10.4 32 0.99 6.0 13.4 25.6 70 5.2 1.15 27 054
326 50 138 640 103 | 6.9 2.9 16 9.8 20.0 59 4.4 0.89 0.65 21 037
16.4 53 132 540 118 7.4 7.6 2.8 0.56 6.1 10.1 19.8 65 45 0.88 0.65 22 053

9.8 52 108 630 121 8.5 74 2.6 0.53 T3 9.0 19.6 55 4.2 0.68 2.1 0.43
12.8 6l 107 530 124 72 72 23 0.75 il 9.2 18.1 52 8 0.68 0.51 17 044

93 49 84 660 63 6.5 5.7 22 0.41 1.8 7.9 15.9 44 34 0.63 0.61 20 030
12.1 50 82 540 117 6.8 6.5 2.8 0.52 35 8.8 19.2 50 4.0 0.69 22 031
25 118 230 57 28 73 5.1 46 17.3 257 71 6.2 1.36 1.23 26 030

8.2 47 91 510 95 55 73 43 0.67 48 10.2 23.2 66 55 112 1.04 i1 043

8.6 11 33 1.8 9.2 5.6 0.60 2.3 6.2 21.5 53 4.4 0.73 0.79 22 036

8.6 38 82 440 62 5.0 4.6 21 0.40 25 6.5 1.4 28 23 0.47 1.5 026

8.3 43 85 400 80 6.2 55 2.5 0.49 26 82 13.6 35 29 0.60 0.45 1.7 034
20.1 50 91 470 69 6.1 10.1 45 0.65 29 10.1 27.1 74 5.3 0.89 24 047
15.2 60 134 900 126 8.6 8.1 33 0.59 39 11.0 214 59 4.1 0.79 2.1 0.33
10.8 63 131 1060 118 9.2 8.5 34 26 11.1 209 61 42 0.75 25 042

98 52 87 700 69 7.2 74 24 0.68 34 9.6 19.3 50 18 0.79 0.89 1.9 047
15.2 60 121 810 177 9.0 7.6 31 0.68 4.1 10.8 21.1 57 42 0.76 0.94 1.7 041
237 69 151 1180 106 82 6.1 2.7 0.43 38 13.0 16.2 44 33 0.68 0.60 1.9 032

than that for Black Sea sediments (BS). This suggests a drastic variation
between oxic (low TOC and low TS contents) and euxinic (high TOC and
very high TS contents) bottom waters in these sequences.

On the other hand, TOC (0.15%-0.96%) and TS (0.15%—-1.42%)
contents in Unit 2 are low and show a positive correlation except for
a sample (TS = 4.24%) (Fig. 7B). This suggests diagenetic sulfate
reduction under oxic bottom waters in Unit 2. In Unit 3 (Fig. 7C),
there are samples showing a positive correlation between TOC and
TS with TS contents of <1.6% and samples with moderate TS contents
(ca. 2%). The former suggests diagenetic sulfate reduction, and the
latter euxinic bottom waters.

The TOC and TS plot in Units 4A, 4B, and 5 (Fig. 7D) may be
divided into three groups: low TOC and TS (<1.4%) contents showing
a positive correlation between them, moderate TS contents of 1.4%—
2.4%, and very high TS contents (>2.5%) with a very low TOC
content (<0.5%). The former two suggest diagenetic sulfate reduction
and euxinic bottom waters, respectively, similarly to those in Unit 3.
Several samples with very high TS and very low TOC (<0.6%)
contents in Unit 2 (Fig. 7B) and Units 4A, 4B, and 5 (Fig. 7D) suggest
different mechanisms of sulfur accumulation with no support of TOC.
Some of these layers are those that contain angular pyrite grains with
a very high 8S¢pr value and will be discussed later.
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Figure 5. Vertical profiles of total organic carbon (TOC; left), total sulfur (TS; middle), and Mn (right) at Site 795 (lithology as in Fig. 1). Crosses for TOC and
TS are from shipboard results (Tamaki, Pisciotto, Allan, et al., 1990).
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Figure 6. Vertical profiles of Sb (left), U (middle) and As (right) at Site 795 (lithology as in Fig. 1).

Mn, Sh, U, and As

Mn content is highly variable in Units 1A and 1B but decreases
with increasing depth below Units 1A and 1B (Fig. 5). Sb content also
varies remarkably in Units 1A and 1B, and shows a moderate value
in Unit 2 and a slightly higher value in Units 3, 4A, 4B, and 5 (Fig. 6).
U content shows a high variation in Units 1A, 1B, 3, 4A, 4B, and 5,
and a relatively low value in Unit 2 (Fig. 6). As content varies
significantly in Units 1A and 1B and is low in Units 2 to 5 (Fig. 6).
Then TOC, TS, Mn, Sb, U, and As contents vary from very low to
very high values in Units 1A and IB.

Masuzawa et al. (in press) distinguished different redox conditions
in Core KH77-3-L4’ from vertical profiles of Mn, Sb, U, As, TS, and
TOC: (1) oxic with high Mn (>0.3%) as Mn(IV) oxide or Mn (II)
carbonate occasionally with positive Ce anomaly and low TS
(<0.1%); (2) suboxic with high Sb (>2 ppm), high U (>3 ppm), and
low TS (<0.1%); and (3) euxinic with quite high TS (>1%) and As
(>25 ppm) and low Mn (<0.15%).

Mn(II) is soluble under reducing conditions but precipitates as
Mn(IV) oxides in oxic environments. Thus a high accumulation of Mn
as Mn(IV) oxide or Mn(II) carbonate, which can be formed through
diagenetic transformation from Mn(IV) oxide (Masuzawa et al., in
press), indicates an environment containing dissolved oxygen.

Sb(V) and U(VI) are soluble under oxic conditions but become
insoluble by reduction to Sb(IIT) and U(IV) under reducing con-
ditions. As(V) is soluble under oxic conditions but forms an
insoluble sulfide in the presence of hydrogen sulfide. A high
accumulation of TS concurrent with a very high As content also
indicates an euxinic condition, and high Sb and U concurrent with
low TS, a suboxic (no dissolved oxygen and no H,8) environment.
This is due to the fact that the equilibrium pe (negative logarithm
of electron activity) values of Sb(V)/Sb(III), U(VI)/U(IV), and
As(V)/As(III) couples decrease in this order and lie between those

of Mn(IV)YMn(II) and S(VI)/S(-II) in seawater at pH 8.2 (Turner et
al., 1981).

Figures 8 and 9 show the high-resolution vertical profiles of TOC,
TS, Mn, Sb, U, and As in Units 1A and 1B at Site 795. The shipboard
results of TOC and TS (Tamaki, Pisciotto, Allan, et al., 1990) are
included in Figure 8. As seen from this figure, TOC and TS contents
tend to vary in very much the same way. Low-Mn layers almost
coincide with layers showing maximum TOC and TS contents and
high-Mn layers, with layers showing minimum TOC and TS contents
(Fig. 8). Layers showing high Sb, U, and As contents usually coincide
with layers showing high TOC and TS contents; low Sb, U, and As
contents coincide with layers having low TOC and TS contents (Fig. 9).

Sulfur Isotope Ratio of Sedimentary Pyrite

Sedimentary pyrite was isolated from sediment samples with a
high TS content (ca. >0.5%). Most sedimentary pyrite grains isolated
from sediment samples at Site 795 are framboidal pyrite spherules
(PL. 1.2) with a diameter of 5-30 pm (PL 1.1) and almost pure FeS,
composition according to EDS analysis (P1. 1.3).

The sulfur isotope ratio can give significant information about the
sulfur source. Basaltic sulfur has a 8*Scpy value close to 00/,
hydrothermal fluids a positive value ranging from +1 0/0 to +10 0/00,
and present-day seawater sulfate-S has a value of +20 0/60. A rather
low value for the sulfur isotope ratio of hydrogen sulfide results from
microbial sulfate reduction (e.g., Chambers and Trudinger, 1979;
Ohmoto et al., 1990).

The 8*Scpr value of hydrogen sulfide formed through diagenetic
sulfate reduction becomes higher as diagenetic sulfate reduction
proceeds, because the §Sqpy value of residual sulfate becomes
higher due to the limited supply of sulfate from seawater. Therefore
framboidal pyrite spherules formed diagenetically possess a higher
8*Scpr value (Goldhaber and Kaplan, 1974, 1980). On the other
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Figure 7. Plots of TS vs. TOC of sediments from Site 795. A. Units IA( @ ,C)and IB( m, o). B.Unit2(e , < ). C.Unit3 (€, <1). D. Units 4A (A,
L), 4B (¥, 7)and 5 (P[> ). Open marks are those from shipboard results (Tamaki, Pisciotto, Allan, et al., 1990). Broken lines show idealized relationships

for normal marine (NM) and Black Sea (BS) sediments after Leventhal (1983).

hand, the 8*S¢py value of sulfate in euxinic bottom waters main-
tains the seawater sulfate value, and Sy value of microbially
formed hydrogen sulfide is very low, because the supply of seawater
sulfate is not limited as observed in the Black Sea where it reaches
values as low as -38.7 0/o0 to -40.9 0/60 (Sweeney and Kaplan, 1980).
Framboidal pyrite spherules formed under euxinic bottom waters
have a quite low 8**S¢; value. This is consistent with observation
of Masuzawa and Kusakabe (unpubl. data), who reported that fram-
boidal pyrite spherules in Core KH77-3-L4¢é formed under euxinic
bottom waters during the last glacial period have very low §*Scpr
values of -50 0/00 to -35 0/, whereas diagenetically formed fram-
boidal pyrite spherules in a piston core from the central Japan Basin
(KH77-3-M5) show higher values ranging from -25 o/60 to -10 0/60.
Figure 10 illustrates the vertical profile of 8*'Sqpr values of isolated
sedimentary pyrite at Site 795. These values range from -48.3 0/00 10
+14.2 0/00. Figure 11 shows the relationship between TS content of
sediments and 8**S¢yyy value of pyrite in the seven lithologic units of Site
795. TS content is quite high (>2 0/60) and §*Scpy is quite low (<-35
0/00) in Unit 1A, indicating syngenetic formation of pyrite under euxinic
bottom waters (syngenetic zone in Fig. 11). This was also reported in
samples from Core KH77-3-L4" corresponding to the last glacial period
in the Japan Sea (Masuzawa and Kusakabe, unpubl. data). 'S,y is also
very low, with relatively low TS content (<1%) in Unit 1B. In Unit 2 the
8"Scpr value increases significantly up to +1.6 0/, concurrent with a
gradual increase in TS content, which is less than 1.2%. This trend and
the TOC-TS correlation (Fig. 7B) are consistent with diagenetic forma-
tion of pyrite through diagenetic sulfate reduction (diagenetic zone in Fig.
11), where TS content has an upper limit due to the limited supply of
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seawater sulfate through diffusion in pore water (Goldhaber and
Kaplan, 1980; Masuzawa and Kitano, 1983b). Unit 3 values are
distributed in both syngenetic and diagenetic zones. Many values of
Units 4A and 4B and also some of Unit 3 are plotted in a region
existing between syngenetic and diagenetic zones. This may suggest
diagenetic as well as syngenetic formation of framboidal pyrite
(syngenetic + diagenetic zone in Fig. 11).

Crosses in Figure 11 illustrate data from pelagic surface sediments
from the Black Sea after Vinogradov et al. (1962). Sy values of these
pyrite samples range from -26 0/00 to -34 0/0 (Vinogradov et al., 1962)
and are higher than those of hydrogen sulfide in the overlying bottom
water of the Black Sea (-38 0/60 to-41 0/60); Sweeney and Kaplan, 1980).
These crosses are found in the syngenetic + diagenetic zone near the
diagenetic zone in Figure 11. Active sulfate reduction takes place within
the surface sediment layer of the Black Sea, and pore-water sulfate shows
ahigher 8**S¢pr value than that of the overlying bottom water (Vinogra-
dov et al., 1962). Therefore pyrite-S in the Black Sea surface sediments
is likely to be formed from both hydrogen sulfide in the overlying bottom
water (syngenetic) and through diagenetic sulfate reduction within the
surface sediments. The fact that the samples from Black Sea sediments
(crosses) lie in the syngenetic + diagenetic zone supports the zoning in
Figure 11 described for Site 795.

Three samples from 464.96, 578.65, and 590.53 mbsf show the very
high 8**S¢pr values of +14.2 0/0,-0.7 0/00, and +11.5 o/, respectively,
which are similar to those of hydrothermal sulfides; TS contents of these
samples are also very high. Pyrite grains isolated from these sediments
are mainly composed of large angular grains with a diameter of 30-60
mm (P, 1.4) without framboidal texture (P1. 1.5) and show almost pure
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Figure 7 (continued).

FeS, composition (P1. 1.6). The TOC contents of these layers are very
low (<0.6%; Fig. 7). These facts suggest an origin for these pyrite grains
different from syngenetic or diagenetic microbial sulfate reduction. One
possibility is an origin associated with hydrothermal activity, and thus the
zone is called hydrothermal(?) in Figure 11,

Change in Redox Condition of Japan Sea Bottom Water

The variation in redox condition of the Japan Sea bottom water
since its birth (13.0-15.0 Ma) can be estimated from the vertical
profiles of TOC, TS, Mn (Figs. 5 and 8), Sb, U, As (Figs. 6 and 9),
and 8**S 7 of sedimentary pyrite (Fig. 10), TOC-TS plots (Fig. 7),
and TS-8"*S¢py relationships (Fig. 11) by reference to data from Core
KH77-3-L4’ (Masuzawa and Kitano, 1984; Masuzawa and Kusakabe,
unpubl. data; Masuzawa et al., in press).

In Units 1A and 1B (0-2.4 Ma), layers with low TOC (<0.7%) and
very low TS (<0.3%) contents, where Mn content is high (>0.15%)
and Sb, U, and As are low (<6, <5, and <15 ppm, respectively), are
thought to have been deposited as oxidized sediments under oxic
conditions similar to the present Japan Sea. Layers with quite high TOC
(>2%) and TS (>2%) contents, where Mn content is low (<0.1%), Sb
and U contents are high (>6 and >5 ppm, respectively), and As content
is very high (>25 ppm), are considered to have been deposited under
euxinic conditions similar to those thought to have been prevalent
during the last glacial period in the Japan Sea. This is indicated by the
very low 8**Scy values of framboidal pyrite spherules isolated from
these high TS layers (Fig. 11). The oxic-euxinic variation is remarkable
in Unit 1A, where at least 11 cycles of oxic-euxinic variation are
observed during the last 1.2 Ma (Fig. 8).

In Unit 2 (ca. 2.4 to 6-7 Ma), which is composed of diatom ooze
and diatom clay, Mn content is low, TOC and TS contents are
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relatively low (0.15%-0.19% and 0.15%—1.42%, respectively) with
a positive correlation (Fig. 7B), and Sb, U, and As contents are
relatively high (Fig. 6). As discussed earlier, 8**Sqpy value of sedi-
mentary pyrite increases significantly with a gradual increase in TS
content, indicating diagenetic formation of pyrite spherules through
diagenetic sulfate reduction under oxic bottom water. These facts
suggest an active diagenetic sulfate reduction beneath oxic bottom
water, probably without any thick surface oxidized layer. In the
present Japan Sea, surface oxidized layers appear below ca. 2000 m,
whereas active diagenetic sulfate reduction in sediments without a
surface oxidized layer occurs above ca. 2000 m, sulfate reduction
beneath a thin surface oxidized layer has been reported between ca.
2000 and 3000 m of water (Masuzawa, 1987). The bottom water
during the period represented in Unit 2 seems to be steadily oxic but
the sedimentary condition was less oxic than the present Japan Sea.
This condition is probably due to a greater supply of organic matter
through very high productivity as indicated by the very high diatom
content in Unit 2 sediments.

The lithology of Unit 3 shows rhythmical alternations of dark and
light diatom silty clay or siliceous silty claystone (Tada and Tijima,
this volume). TOC and TS contents suggest two types of sediment
layers: one dominated by diagenetic sulfate reduction (TS<1.6%) and
the other resulting from deposition under euxinic bottom water (TS
= ca. 2%; Fig. 7C). Sb and U contents are relatively high, and Mn and
As contents are low (Figs. 5 and 6). The §*S¢p; values lie in the
diagenetic, syngenetic + diagenetic, and syngenetic zones in Figure
11. These facts suggest a variation between less oxic and less euxinic
conditions in Unit 3,

Unit 4A is composed of rhythmical alternations of dark chert and
light siliceous claystone, and Unit 4B is characterized by siliceous
claystone with horizontal burrows (Tada and Iijima, this volume). The
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Figure 8. High-resolution vertical profiles of TOC (left), TS (middle), and Mn (right) in the upper 140-m layer at Site 795. Crosses for TOC and TS are from
shipboard results (Tamaki, Pisciotto, Allan, et al., 1990). The left-side column shows the magnetic polarity of Brunhes Normal Epoch (B), Matsuyama Reversed
Epoch (M), and Olduvai Event (O) (Tamaki, Pisciotto, Allan, et al., 1990), and the lithologic units (Units 1A and 1B; Tada and lijima, this volume).
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Figure 9. High-resolution vertical profiles of Sb (left), U (middle), and As (right) in the upper 140-m layer at Site 795 (magnetic polarity and lithology as in Fig. 8).
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Figure 10. Vertical profile of 8**S¢pyy of sedimentary pyrite iso-
lated from sediments at Site 795 (lithology as in Fig. 1).

variations of TOC, TS, Mn, Sb, U, and As contents in Units 4A and
4B are similar to those in Unit 3 except for a few layers with very high
TS (>2.5%) and very low TOC (<0.5%) contents (Figs. 5, 6, and 7).
Layers showing very high TOC, TS, and As contents and with low
Mn content, or layers having very low TOC, TS, and As contents and
with high Mn content were not observed among the samples analyzed
here. Many 8*S -t values of pyrite in Units 4A and 4B are distributed
in the syngenetic + diagenetic zone in Figure 11 with relatively low
TS content. These facts suggest that redox conditions in Units 4A and
4B were similar to those in Unit 3, i.e., a variation between less oxic
and less euxinic conditions.

Unit 5 is described as claystone with faint laminations and hori-
zontal burrows (Tada and Iljima, this volume). The variations of TOC,
TS, Mn, Sb, U, and As contents and that of §Sp; value of pyrite
are also similar to those in Units 3, 4A, and 4B (Figs. 5, 6, 7, 10, and
11). These facts also suggest that the redox conditions in Unit 5 were
similar to those of Units 3, 4A, and 4B.

Layers of relatively high TS and very low TOC contents were
found in Units 2, 3, 4A, and 4B. Some of them contain large, angular
pyrite grains without framboidal texture and a very high 8*Scpy
value. These facts may suggest a hydrothermal origin. More detailed
studies, however, will be needed to confirm possible hydrothermal
activity in these layers.

SUMMARY

The changes in the redox conditions of the bottom water in the
Japan Sea since its birth were estimated from vertical variations of
redox-sensitive elements (TOC, TS, Mn, Sb, U, and As) and the sulfur
isotope ratio of isolated sedimentary pyrite of 60 sediment samples
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Figure 11. Relationship between TS of sediments and 8**Spyy of sedimentary
pyrite in seven lithologic units at Site 795: Units 1A ( @ )and 1B (m ), Unit
2(< ), Unit3 (<), Units 4A (4 ) and 4B ( v ), and Unit 5 (» ). Crosses are
data from pelagic surface sediments of the Black Sea (Vinogradov et al., 1962).

collected every 10 m from Site 795. The estimated changes in the
redox conditions of the Japan Sea bottom water are as follows: a
variation between less oxic and less euxinic in Units 5, 4B, 4A, and
3 (ca. 13-15 to 6-7 Ma); oxic but less so than that of the present Japan
Sea with diagenetic sulfate reduction under high biological produc-
tivity in Unit 2 (ca. 7-6 to 2.4 Ma); and a drastic variation between
oxic, similar to the present Japan Sea bottom water, and euxinic,
similar to that during the last glacial period, in Units 1B (ca. 2.4-1.2
Ma) and 1A (ca. 1.2 Ma to the present), especially in Unit 1A. The
gradual increase in Mn content with time suggests the accumulation
of manganese in deep-sea sediments of the Japan Sea throughout its
geologic history.

The results reported here are thought to represent a general picture
of the environmental changes taking place in the Japan Sea since its
birth, although the results are based on only 60 sediment samples
collected every 10 m. The environmental changes of the sea have been
very rapid and drastic as observed in Units 1A and IB (e.g., Fig. 8)
and in Core KH77-3-L.4". Further studies on high-resolution samples
from Site 795 are needed to determine in more detail the environ-
mental changes throughout the geologic history of the Japan Sea.
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SEDIMENT AND PYRITE GEOCHEMISTRY
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Plate I. Photomicrographs (scale bar = 50 um), SEM images, and EDS spectra of framboidal pyrite spherules isolated from a layer at 61.69 mbsf (1-3; S epr
=-48.3 0/00) and angular pyrite grains isolated from a layer at 590.53 mbsf (4-6; §**Scpy = +11.5 /o) of Site 795.
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