CHEMICAL
GEOLOGY

INCLUDING

ISOTOPE GEOSCIENCE

Chemical Geology 236 (2007) 350—366

www.elsevier.com/locate/chemgeo

Origin and age of pore waters in an actively venting gas hydrate field
near Sado Island, Japan Sea: Interpretation of halogen
and '*°1 distributions

Hitoshi Tomaru **, Zunli Lu ®, Glen T. Snyder °, Udo Fehn ?,
Akihiro Hiruta ¢, Ryo Matsumoto ©

* Department of Earth and Environmental Sciences, University of Rochester, Rochester; NY, 14627, USA
b Department of Earth Science, Rice University, Houston, TX 77005, USA
¢ Department of Earth and Planetary Science, University of Tokyo, Tokyo 113-0033, Japan

Received 19 July 2006; received in revised form 28 September 2006; accepted 12 October 2006

Editor: P. Deines

Abstract

A gas hydrate field with highly active venting of methane was recently found near Sado Island in the eastern Japan Sea. Piston
cores were collected from active venting sites and nearby locations in the Umitaka Spur—Joetsu Knoll area during two cruises in
2004 (UT04) and 2005 (KY05-08). We report here halogen concentrations and '*°I/I ratios in pore waters associated with gas
hydrates from these expeditions. The strongly biophilic behavior of I and, to a lesser degree, of Br together with the presence of the
long-lived iodine radioisotope (‘*°I) allow evaluation of potential source materials for methane in gas hydrate systems. Depth
profiles of all three halogens, particularly the very rapid downward increases of Br and I concentrations, strongly suggest input of
deep fluids enriched in Br and I, but the profiles also display the effects of gas hydrate formation and dissociation. Although the
12911 ratios are modified by '*I from seawater and sediments at shallow depth, likely ratios of the deep fluids are estimated to be
between 400x 10~ "> and 600x 10~ ', equivalent to a Late Oligocene to Early Miocene age. Ages in the active methane venting
sites typically are closer to the old end of this range than those in the reference sites. This age range suggests that the methane
associated with venting and gas hydrate formation in this area is derived from organic materials accumulated during the initial
opening of the Japan Sea. The Umitaka Spur—Joetsu Knoll gas hydrate field demonstrates the movement of deep fluids associated
with the release of significant amounts of methane from the seafloor, processes which might be important components of mass
transfer and carbon cycle in the shallow geosphere.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Gas hydrate fields are commonly found in deep sandy
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(BSRs) indicating the lower boundary between gas
hydrate and free gas layers. In addition to the “dis-
seminated” occurrences, an increasing number of near-
surface “massive gas hydrate” deposits has been dis-
covered in continental margins and inland lakes, which
are associated with rapid methane transport by gas, mud,
or fluid expulsion (e.g. Ginsburg et al., 1999; Suess et al.,
1999; Mazurenko et al., 2003; Haeckel et al., 2004;
Hensen et al., 2004; Shoji et al., 2005). The latter
phenomenon is the consequence of an unusually high and
localized flux system, which typically releases a large
amount of methane into the overlying water column and
might be an important link in the shallow carbon cycle.
The Umitaka Spur—Joetsu Knoll area, southwest of
Sado Island in the eastern margin of the Japan Sea, is a
region where large-scale methane venting on the seafloor
has been identified in echosounder images (Aoyama
et al., 2005). The methane plumes reach diameters of
100 m and heights of 200 to 700 m and cause an increase
in the concentration of dissolved methane in seawater to
levels as high as 160 nmol/L (Ishida et al., 2005). During
the expeditions of R/V Umitaka-maru of the Tokyo
University of Marine Science and Technology in 2004
(UT04) and R/V Kaiyo of the Japan Agency for Marine-
Earth Science and Technology (JAMSTEC) in 2005
(KY05-08), intensive piston coring programs were
carried out in this area. Thick layers of massive gas
hydrates, ~2.6 m, were recovered in the upper 12 m
below seafloor (mbsf) around the sites on the spur and the
knoll where rough seafloor with carbonate clasts and
outcropping gas hydrates are observed by the deep-tow
camera of R/V Kaiyo (Matsumoto et al., 2005). These
results indicate strong linkage between continuous large
methane supply and methane-induced carbon storing in
carbonates and gas hydrates. Origin and accumulation of
the methane, however, are not well known, which are
processes, essential for the understanding of gas hydrate
systems associated with active methane seepage.
Recent investigations of halogen concentration
together with the determination of '*’II ratios have
been useful to identify the potential ages and source
formations of the fluids in gas hydrate systems (Fehn
et al., 2000, 2003, 2006; Tomaru et al., 2006a). In this
study we focus on the halogen geochemistry and '*°1/1
ratios of pore waters collected from the Umitaka Spur—
Joetsu Knoll area, for the determination of origin of
methane in the gas hydrate system in the backarc marginal
basin of the Japanese Island Arc. The study area has been
geologically active during the formation of the Japan Sea
and is close to the region with the largest hydrocarbon
deposits in Japan. The age signal associated with the gas
hydrates will contribute to the understanding of the

depositional history of sequences associated with the
formation of the present Japanese Island Arc and of the
origin of hydrocarbons in this area.

2. Iodine geochemistry

Iodine has the most biophilic nature of the major
halogens (Cl, Br, and I), and its behavior is very different
from chlorine, the least biophilic of these three. Bromine
has characteristics somewhat between the other two
elements and is commonly examined together with I and
Cl. The largest reservoirs of Cl and I at the earth surface
are seawater (2.66x 10" t, 72.2% of total Cl) and marine
sediments (5.90x10'? t, 68.2% of total I), respectively
(Muramatsu and Wedepohl, 1998). The latter reflects the
extensive enrichment of I in marine phytoplankton and
algae compared to seawater and the subsequent accumu-
lation in marine sediments (Tsunogai, 1971; Price and
Calvert, 1977; Elderfield and Truesdale, 1980; Harvey,
1980). Although the dominant ionic dissolved species of I
in seawater is iodate (IO3) (Tsunogai, 1971), iodide (I ),
iodine (I,), or iodate (IO3) can exist depending on the
redox condition in sediments. In oxic sediments, decom-
position of organic materials liberates I into the aqueous
phase and the I" is oxidized to 105 and I,. These species
are incorporated into the organic detritus again, leading to
an increase of | at the sediment—water interface in the
shallow oxic zone (Kennedy and Elderfield, 1987a,b). In
anoxic sediments at depths, reduced 1" is released from
sediments to the aqueous phase, resulting in I enrichment
in pore waters. The variation of dissolved bromine in pore
water compared to seawater is generally smaller than that
ofiodine because bromide (Br ) is the only stable species
during diagenesis or in organic materials. Although there
are only few studies available on Br behavior in such
systems, the amount of organic carbon correlates well
with Br  concentrations (Price et al., 1970; Price and
Calvert, 1977), reflecting Br release form organic
materials during diagenesis along with iodine.

Todine has one stable isotope (**’I) and a long-lived
radioisotope (**°T) with a half-life of 15.7 Myr. In nature,
1291 is mainly produced by the spallation reaction of Xe in
the atmosphere and by the spontaneous fission of ***U in
the earth’s crust. Both of these processes contribute
similar amounts to the '*°I budget in the ocean (Fabryka-
Martin et al., 1985). Because of the long residence time of
iodine in the ocean (~300,000 yr; Broecker and Peng,
1982) and rapid ion exchange among ocean, biosphere,
and atmosphere, (Moran et al., 1998), the pre-anthro-
pogenic iodine isotopic composition has been homo-
geneous in surface reservoirs with a ratio of radioactive
1291 to stable 271 ("*°I/I) of (1500+150)x 10~ '* (Moran
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et al.,, 1998; Fehn et al., in press). Releases of large
quantities of anthropogenic '*°I from nuclear bomb tests,
nuclear accidents, and reprocessing plants have disturbed
the isotope equilibrium in surface reservoirs, but have not
reached depths beyond the layer of bioturbation in marine
sediments (Moran etal., 1998). Due to the development of
accelerator mass spectrometry (AMS) for the determina-
tion of '*’I/I ratios (Elmore et al., 1980), the '*°I system
can be applied for geological investigations with an age
range of 80 Ma (Sharma et al., 2000).

3. Geological setting

The Japan Sea is a semi-isolated marginal basin which
is surrounded by the Japanese Island Arc and the Asian

main land (Fig. 1A), and was formed by the westward rift
propagation initiated at a major strike—slip fault between
the Eurasian (Amur) and North American (Okhotsk)
Plates during the Early to Middle Miocene (Jolivet and
Tamaki, 1992). Although the entire Japan Sea was
extending between 32 to 10 Ma, major opening and
formation of the Japan Sea, accompanied by a large
submarine eruption of volcanic rocks called Green Tuff,
occurred between 28 and 18 Ma, resulting in rapid
deposition of thick marine sediments (Yamaji, 1990;
Tamaki et al., 1992; Taira, 2001). After 18 Ma, the
extension continued to be active only in the northeastern
margin of the Japan Sea, the anti-clockwise and clockwise
rotations of NE and SW geological parts of Japan formed
a sedimentary basin across the main island of Japan, Fossa
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Fig. 1. (A) Geological setting of Japan. Box represents the location of the Umitaka Spur—Joetsu Knoll gas hydrate field in panel B. (B) Detailed map
of research area. Black dots indicate piston core sampling sites during UT04 and KY05-08 cruises.
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Magna, which is located in the southern end of the
Miocene rift system and filled with thick (>6000 m) and
strongly folded Miocene marine sediments (Kato, 1992).
The Itoigawa—Shizuoka Tectonic Line (ISTL) bounds the
western edge of the Fossa Magna, and probably runs just
west of the research area in an N—S direction (Fig. 1A). At
~ 15 Ma, spreading of the Japan Sea ceased and the plate
setting was settled close to the present position, but the
Philippine Sea Plate motion led to activation of the ISTL
at 6 Ma and of the Median Tectonic Line (MTL) at 5 Ma
(e.g. Matsubara and Seno, 1980; Jolivet et al., 1994). The
east—west directed convergence initiated an incipient
subduction along the eastern margin of the Japan Sea at
<1 Ma (e.g. Nakamura, 1983; Tamaki and Honza, 1985;
Okamura et al., 1995).

The research area is characterized by three rises, the
Umitaka Spur, northern part of the Joetsu Knoll, and a
small ridge in the east of the Joetsu Basin continuing to
the Toyama Trough (Fig. 1B), a northern extension of
the ISTL to the northwest of the area (Nakamura, 1983).
These rises are mainly composed of mud to gravel of the
Quaternary Takada-oki Group (Okamura et al., 1994).
The underlying Neogene Joetsu-oki Group of mudstone
to conglomerate crops out only at the highly deformed
anticline of the Umitaka Spur, where these young sed-
iments reach a thickness of >4000 m. The acoustic
basement of igneous and hardly lithified sedimentary
rocks beneath the Joetsu-oki Group is exposed only
along the western slope of the Yoneyma-Ogi uprifts,
northeast of this area (Okamura et al., 1994).

The Japanese petroleum explorations by the Ministry
of Economy, Trade and Industry (METT) and Japan Oil,
Gas and Metals National Corporation (JOGMEC) in 2003
and 2004 identified prominent BSRs at depth of
~170 mbsf, indicating the presence of deep-seated gas
hydrates, and chaotic sediment structures under large
depressions (pockmarks) in the seismic profiles on the
spur, demonstrating the presence of gas-charged sedi-
ments (Matsumoto et al., 2005). High resolution topo-
graphic images exhibit NNE-SSW trending large
pockmarks, ranging from 150 to 500 m in diameter
(Fig. 1B), which agree well with densely developed
NNE-SSW trending folds and faults on the spur
(Okamura et al., 1994).

4. Sampling and analytical methods

In this study, close to 100 pore water samples were
collected from 14 piston core sites throughout the research
area. The piston cores ranged in length between 6 to 12 m
and the cores were cut into 1 m-long whole round sections
immediately after core recovery. These cores were

subsectioned into 10 to 20 cm-long intervals, each of
which was shaved to remove potential contamination. The
subsections were squeezed to extract pore water at intervals
of 25 cm in the upper 5 m and of 50 cm thereafter for UT04
cores and at intervals of 50 cm for all cores from KY05-08
using a shipboard Manheim hydraulic squeezer (Manheim
etal., 1994) with a 0.45 pm disk filter. We selected 14 sites
from the sample locations; PCOOUT and 14UT during
UT04 and PC02, 04, 05, 08, and 13 during KY05-08 from
the Umitaka Spur, PC10, 11, and 12 (KY05-08) from the
Joetsu Knoll, and PC06, 07, 14, and 15 (KY05-08) from
the lower flank of the Umitaka Spur, summit of the eastern
ridge, and the Joetsu Basin as references away from gas
venting, near-surface gas hydrate, and BSRs (Fig. 1B).
Individual pore water samples ranged between 5 and 10 ml
of fluid and were sealed in plastic vials immediately after
recovery for onshore geochemical analyses.

Dissolved Cl concentrations were measured with an
ion chromatograph (IC), Dionex ICS-1000, and total
Br and I concentrations were measured by inductively
coupled plasma mass spectrometer (ICP-MS), Thermo
Elemental X7 at the Cosmogenic Isotope Lab, University
of Rochester. These values were determined against
standard seawater from the International Association for
the Physical Sciences of the Ocean (IAPSO) (Burton,
1996), with analytical precisions of better than 1% for the
IC and 3% for the ICP-MS, respectively. While typically
~1 mg of I is sought for an AMS determination, Lu et al.
(in press) reported that as low as 0.05 mg of I is sufficient
for successful "I/ determinations with AMS, which
allowed us to prepare targets from individual pore water
samples. We selected a total of 20 samples from sites
PCO9UT and 14UT (UT04), PCOS, 06, 07, 12, and 15
(KY05-08) for the measurements based on the iodine
concentrations in the pore waters. Dissolved iodine was
precipitated as Agl following the method outlined by
Fehn et al. (1992). lodate in the sample water was
reduced to iodine by sodium bisulfite, and preconcen-
trated with anion resin. The purified iodine was extracted
into chloroform, back extracted into sodium bisulfite, and
then precipitated as Agl with silver nitrate. The '*°II
ratios of these Agl targets were determined with the AMS
system at the PRIME Lab, Purdue University (Sharma
et al., 2000).

5. Results

Analytical results are listed in Table 1 and the depth
profiles of pore water geochemistry are illustrated in
Fig. 2. The downward patterns of Cl concentrations of
sites with BSRs present vary between sites, while those at
the reference sites remain almost constant at the IAPSO
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Table 1
Analytical results of pore waters from the Umitaka Spur—Joetsu Knoll gas hydrate field near Sado Island in the eastern margin of the Japan Sea
Site Sample ID Depth Cl Br I 12911
(water depth) (mbsf) (mM) (uUM) (uLM) (10~ ]5)
Seawater IAPSO 546.0" 837.6" 0.4* 1500+150%°
uUT04
PCO09 (937 m) S2-30 0.08 595.8 925.4 6.5
S2-60 0.38 603.6 940.0 13.6
S2-85 0.63 606.1 943.2 18.0
S3-0 0.78 612.2 945.8 19.8
S3-25 1.03 602.9 951.9 23.0
S3-50 1.28 605.5 950.0 253 1180+100
S3-75 1.53 623.2 940.9 27.9
S4-0 1.78 614.8 963.2 29.5
S4-25 2.03 624.9 969.8 31.9
S4-50 2.28 634.8 984.4 33.9
S4-75 2.53 634.3 982.3 36.3
S5-0 2.78 635.5 991.2 38.5
S5-50 3.28 639.9 1001.4 43.1 690+100
S6-0 3.78 638.4 1005.9 45.7
S6-50 4.28 644.9 1017.1 47.5
PC14 (910 m) S2-50 0.00 553.7 923.0 7.6
S2-75 0.25 562.4 945.7 18.3
S3-0 0.50 561.6 960.2 22.9
S3-25 0.75 566.1 969.5 32.1
S3-50 1.00 551.0 957.3 36.7
S3-75 1.25 555.7 968.8 41.4 960+ 140
S4-0 1.50 545.9 982.3 49.4
S4-25 1.75 546.4 988.8 54.5
S4-50 2.00 541.2 972.8 57.9
S4-75 2.25 543.9 995.5 66.5
S5-0 2.50 542.3 996.2 71.8
S5-50 3.00 539.9 996.4 79.4 450+40
S6-0 3.50 535.1 1003.6 86.1
S6-50 4.00 532.9 1007.7 92.3
KY05-08
PCO02 (905 m) F-btm (GH) 0.27 300.4 568.0 1.1
F-75 0.04 533.4 943.5 2.1
G-30 0.59 545.7 971.1 3.0
H-56 1.39 536.9 951.1 5.5
1 2.38 447.8 797.7 2.1
J-55 3.23 399.2 725.3 2.9
PC04 (917 m) F-30 0.02 534.7 931.0 3.7
G-50 1.22 550.9 967.1 213
H-50 2.20 574.2 1017.7 32.8
1-50 3.20 584.3 1110.2 44.0
J-50 4.19 591.2 1126.9 50.3
K-50 5.19 609.3 1174.0 55.1
L-50 6.19 625.8 1200.9 57.2
PCO05 (904 m) D-24 0.00 536.9 1000.2 5.9
E-50 1.25 525.1 1030.7 383 800+400
F-50 2.26 510.1 1064.1 65.0
G-50 3.29 497.3 1096.9 92.5 750+70
H-50 4.29 485.7 1095.1 109.6 490+80
1-50 5.29 467.8 1127.4 130.3 600+80
J-50 6.29 447.6 1121.4 142.9 31040
K-50 7.29 441.5 1141.2 158.3

L-50 8.15 439.4 1167.8 170.6 400+30
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Table 1 (continued)

Site Sample ID Depth Cl Br I 12911
(water depth) (mbsf) (mM) (uM) (uM) (10715
PCO06 (1064 m) C-40 0.04 542.9 1033.0 6.5
D-50 1.14 545.8 1058.3 33.4 1000500
E-50 2.14 540.1 1075.8 543
F-50 3.14 547.2 1121.4 772 650+70
G-50 4.14 5313 1122.2 95.9
H-50 5.14 540.8 1171.5 111.3 550+50
PCO07 (1034 m) C-52 0.00 5533 1044.5 52
D-50 0.98 5373 1064.3 27.0
E-50 1.99 547.2 1100.1 47.0 900500
F-50 2.9 539.2 1108.2 64.7
G-50 3.99 529.9 1116.9 83.3
H-50 4.99 521.8 1142.7 96.5 630480
PCO8 (888 m) A-75 0.03 546.6 1011.7 22
B-20 0.37 547.4 1019.7 3.3
D-50 0.60 528.7 997.4 42
E-top (GH) 0.71 70.6 161.5 0.5
PC10 (976 m) B-85 0.07 547.9 1038.0 24
C-50 0.72 572.7 1080.8 2.8
D-50 1.72 632.2 1170.5 3.8
E-50 2.72 697.7 1290.6 49
F-50 3.42 797.8 1437.1 6.9
PC11 (991 m) F-top (GH) 1.19 47.6 113.0 0.4
F-btm (GH) 2.19 46.9 112.0 0.5
PC12 (1111 m) F-50 1.07 5533 1105.4 483
G-50 2.08 523.4 1158.5 102.7
H-50 3.11 519.9 1240.4 158.9 500+100
1-40 4.01 4798 1167.5 150.3 430+70
PC13 (900 m) E-70 0.57 558.7 1031.5 2.0
F-40 1.08 283.3 570.7 15
G-1 1.69 237.4 486.1 1.7
G-15 (GH) 1.83 81.5 183.5 0.8
G-50 2.18 346.1 676.0 24
G-70 228 296.3 588.8 34
H-30 2.98 354.9 691.5 2.7
H-35 (GH) 3.03 305.9 600.8 2.1
H-65 3.33 4342 818.8 3.1
PC14 (1021 m) C-10 0.08 545.1 1014.2 5.0
C-50 0.48 5473 1016.5 8.7
D-50 1.48 550.8 1025.2 16.6
E-50 248 549.7 1044.0 249
PC15 (1027 m) D-50 0.20 554.5 1023.7 6.6
E-50 1.30 5493 1024.2 33.0
F-50 232 548.3 1040.0 51.0 680+170
G-50 3.35 5313 1068.1 65.3
H-50 436 530.5 1087.1 80.3 770490
1-50 5.36 525.4 1096.9 922
J-50 6.36 536.5 1105.1 99.8 580+160

mbsf = meters below sea-floor.
GH: massive gas hydrate sample.

# International Association for the Physical Sciences of the Ocean (IAPSO) standard seawater (Burton, 1996).

® Moran et al. (1998).
¢ Fehn et al. (in press).

standard seawater value, 546 mM (dashed line in Fig. 2).
Several of the cores had sediments with visible gas
hydrate occurrences and pore waters from those cores
(PCO02, 08, 11, and 13; solid symbols) are commonly

diluted compared to the samples from cores without direct
indication of gas hydrate presence. In contrast to the
differences between the three sites observed in the
behavior of Cl, Br and I patterns at all sites are very
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similar; they increase rapidly downward to comparable
concentrations, reaching 1000 to 1500 uM of Br and 150
to 200 uM of I at the bottom level of the cores, res-
pectively. While both elements have concentrations
considerably above that of standard seawater
(Br=837.6 uM, 1=0.4 puM; dashed lines in Fig. 2), as
is typical for other gas hydrate fields, the enrichment of
iodine is much more pronounced than that of bromine.
In subsets from seven cores, 1290/1 ratios were deter-
mined. All ratios are below the pre-anthropogenic value
of '*I/I=1500x10""° (dashed line in Fig. 2; Moran
et al.,, 1998; Fehn et al., in press), demonstrating the

absence of anthropogenic '*°I in these fluids. The depth
profiles of '?°V/I ratios are very similar at all sites; de-
creasing rapidly from ~ 1200 10~ at <2 mbsf to bet-
ween ~400x 10" "% and ~600x 10~ "> at >4 mbsf.

6. Discussion
6.1. Geochemical characteristics of pore waters
6.1.1. Concentration profiles

The CI concentrations in the pore waters collected
from gas hydrate-bearing sediments can be strongly
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Fig. 2. Depth profiles of CI, Br, and I concentrations and '*°I/I ratio at the Umitaka Spur, the Joetsu Knoll, and reference sites. Detailed sampling
locations are shown in Fig. 1B. Gas hydrate-bearing cores are represented by solid symbols (sites PC02, PC08, PC11, and PC13). Dashed lines
indicate seawater values for halogen concentrations (IAPSO) and "*°I/I (Moran et al., 1998; Fehn et al., in press).
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modified by the input of the fresh water from dissociated
gas hydrates during core recovery (e.g. Hesse, 2003;
Tomaru et al., 2004), which results in discrete dilution of
pore waters as observed at PC02, 08, 11, and 13. On the
other hand, the Cl concentration of marine pore water
can be gradually decreased by the input of diagenetic
fresh water, derived from processes such as biogenic
opal recrystallization, clay mineral dehydration, and
clay membrane filtration (e.g. Kastner et al., 1991;
Brown et al., 2001) or can be increased by the input of
evaporated seawater or saline water from halite deposits
(e.g. McCaffrey et al., 1987; Vengosh et al., 2000). In
the gas hydrate field, however, the variation of Cl depth
profiles can be modified by fluid input from the loci of
gas hydrate deposits (Hiruta et al., 2005; Matsumoto
et al., 2005). Both increase and decrease of Cl concen-
trations can be related to processes occurring during
formation and dissociation of gas hydrates. Since fluids
entering gas hydrate locations often have CI concentra-
tions below that of seawater (e.g. Egeberg and Dickens,
1999; Tomaru et al., 2006b), profiles often reflect the
mixing of deep fluids with seawater near the seafloor.
The observed gradual CI decrease to ~440 mM can also
be caused, however, by the dissociation of gas hydrate
releasing fresh water at depths (e.g. Hesse, 2003), while
the Cl increase to ~800 mM can be explained by the
rapid formation of massive gas hydrate excluding saline
residual water (Milkov et al., 2004; Torres et al., 2004).
If that is the case, the steeper Cl gradient at PC10 at the
Joetsu Knoll may reflect brine input from a large
quantity of massive gas hydrate and/or the formation of
gas hydrates just below the cored depth.

Although, similar to CI concentrations, Br and I
concentrations at PC02, 08, 11, and 13 are anomalously
decreased by the dissociation of massive gas hydrate,
they increase rapidly at the reference sites as well as at
the other sites of the Umitaka Spur and the Joetsu Knoll.
This increase probably indicates that rising deep fluids
are potentially enriched in Br and I throughout the
research area. The similarity observed for Br and I pro-
files between sites is in contrast to strong differences in
methane fluxes estimated from sulfate—methane inter-
faces (SMlIs), which are at ~3.5 mbsf at the reference
sites and at 1.5 to 2.5 mbsf at the Umitaka Spur and the
Joetsu Knoll (Hiruta et al., 2005). This observation
probably reflects migration of free methane separate
from the fluids in the shallow intervals at the geolo-
gically uplifted areas, leading to active methane venting
on the spur and the knoll. The Br and I concentrations of
near-surface samples are still as high as 900 to 1000 uM
and 2 to 7 uM, respectively, which, in the case of I, is
more than one order of magnitude higher than the

standard seawater value (0.4 uM). An extremely high
dissolved methane concentration in seawater over this
area, up to 160 nmol/L (Ishida et al., 2005), implies an
association of methane release with that of Br- and I-rich
deep fluids into the water column, a phenomenon ob-
served also in other areas such as the Black Sea (e.g.
Aloisi et al., 2004).

The CI-Br (Fig. 3) and CI-I (Fig. 4) diagrams show
strong similarities except for the scales for Br and I,
suggesting a positive linear correlation between Br and I
at each site. The Cl depletions of hydrate-bearing sam-
ples correspond well to those of Br and I, the fraction of
gas hydrate derived water (C1=0 mM) in sample water
reaches ~91% at PC11 as indicated by the arrows
representing halogen dilution due to gas hydrate disso-
ciation (Figs. 3 and 4). Although Br and I enrichments
generally are attributed to the advection of deep fluids
which have experienced degradation processes of
organic materials, those in Cl-rich samples might also
reflect the input of brines which were excluded from gas
hydrate structures (Milkov et al., 2004; Torres et al.,
2004). The samples from the Joetsu Knoll, PC10, are
relatively enriched in CI and plot well along the arrows
representing halogen enrichment due to residual brine
input from gas hydrate. Therefore, gas hydrate may exist
below the cored depth at PC10, and might have
modified substantially the pore waters at this site.

6.1.2. Halogens in massive gas hydrate

The comparison between the different sets of cores
indicates that the presence of massive gas hydrate in the
sediments influences the concentrations of halogens in
the pore waters. We collected a few pieces of massive
gas hydrates from the Umitaka Spur (PC02, 08, 13) and
the Joetsu Knoll (PC11) in order to determine the actual
presence of halogens within gas hydrate solids (Fig. 5).
The six pieces were stored immediately after retrieval
and halogen concentration were measured in the liquid
resulting from the melting of the solid phases. The
results of these determinations are included in Table 1
and identified by the letters “GH”. Because no specific
measures were undertaken to remove associated pore
waters from the pieces, it is likely that halogens from
pore waters were present. The measured concentrations
of these samples therefore can be considered maximum
values for the presence of halogens in massive gas
hydrates.

Of the six samples, four show very low concentra-
tions of halogens, while the other two (PC02 F-btm;
PC13 H-35) have concentrations only slightly lower
than those in the adjoining pore waters. The latter two
probably are strongly influenced by the presence of
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pore waters and are not considered further for the
discussion of halogens in solid gas hydrates. The con-
centrations in the remaining four samples are very
similar with the following averages: Cl=61.6+
17.2 mM; Br=142.5+£35.8 uM, and 1=0.55+0.17 uM.
Compared to concentrations in pore waters at adjoining

sites, massive gas hydrates contain still around 10% of Cl
and Br, but less than 1% of I. At this point it is not clear
whether halogens are incorporated into the crystal lattice
or are found in fluid pockets trapped in the gas hydrates
(e.g. Suess et al., 1999; Kuhs et al., 2004), but these
data suggest that halogens are present at different
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concentrations in these solids. The release of fresh water
from gas hydrates has thus a stronger effect on the
concentration of I than on the concentrations of the
other two halogens which leads to variations in element
ratios in the pore fluids during the dissociation of gas
hydrates. A detailed study of halogen concentrations in
pore waters of the Nankai Trough gas hydrate fields
shows this effect very convincingly (Muramatsu et al.,
20006).

6.1.3. Halogen ratios in pore waters

The Cl-normalized Br and I values (Br/CI and I/Cl
molar ratios) demonstrate Br and I enrichment at all sites
with respect to dilution or enrichment due to gas hydrate
effects (Fig. 6). Compared to the ratios of standard
seawater (Br/Cl=1.5x 1073, I/C1=7.3%x10""; dashed
lines in Fig. 6), deeper samples at all sites are enriched in
Brand I by factors of >2.3 and > 150, respectively, which
reflect strong enrichment of these two biophilic halogens
in rising deep fluids. Exceptions to this observation are
the samples closely associated with gas hydrate-bearing
layers which have considerably lower I/Cl and I/Br ratios
than the other samples. Assuming that the juvenile water
geochemistry at PC02 (gas hydrate-bearing sample) free
from gas hydrate effects is close to that of adjoining
PC04 (gas hydrate-free sample), Br and I at PC02 are
depleted by ~12% and ~90%, respectively, compared
to PCO04. The similarity of these ratios in PC10 and those
in sites with visible gas hydrate (PC02, 08, 13, and 11)
suggests the presence of massive gas hydrate deposits
near the cored intervals at PC10, although no direct gas
hydrate proxies, as, for example, low temperature
anomalies, degassing, or soupy texture, are observed in
the recovered cores, which agree with the indication
from Cl-Br (Fig. 3) and CI-I (Fig. 4) diagrams.

Fig. 5. Photo of massive gas hydrate collected from PCII at
~1.7 mbsf. Analytical results of melt waters from such gas hydrate
samples are indicated as “GH” in Table 1.

In addition, the I/Cl and I/Br ratios of gas hydrate-
bearing samples remain constant with depth. Pore
waters within the massive gas hydrate interval are well
mixed with seawater, resulting in low I/Cl and I/Br
ratios, which may reflect a process by which massive
gas hydrates prevent diffusion of deep fluids enriched in
I and separate the water system above and below the gas
hydrate layer. Shallow pore waters in the massive gas
hydrate sites are dominated by seawater components.

6.1.4. Characterization of deep fluids

Several of the cores have Cl concentrations below
that of seawater (Fig. 2). Two main explanations exist
for the presence of Cl concentrations below seawater
values; they can reflect either dilution with waters from
the dissociation of gas hydrates or the presence of deep
fluids which inherited their Cl depletion through other
diagenetic processes. In the shallow intervals of PC02,
08, 11, and 13, dissociation of gas hydrates clearly is the
cause for the low CI concentrations. In these cores, the
values show strong variations, concentrations of all
three halogens are lowered, although at somewhat dif-
ferent rates, which leads to changes in element ratios
between the halogens. This process has also been ob-
served in deep cores from the Nankai Trough (Mur-
amatsu et al., 2006).

In cores with a relatively smooth decrease in ClI
concentrations, such as PC05, 12, or 14UT, the situa-
tion can reflect the input of deep fluids with low Cl
concentrations, accompanied by elevated levels of Br
and I. Such fluids have been observed in several other
gas hydrate sites, such as Blake Ridge (Egeberg and
Dickens, 1999) or Hydrate Ridge (Fehn et al., 2006)
below the gas hydrate horizons. Because the profiles in
our study area suggest further increases in Br and I
(or decrease in CI) concentrations with depth, the initial
fluids probably have higher I and Br concentrations than
observed here. Low Cl pore waters could, however, also
be caused by the fresh water input from dissociated gas
hydrates at depths (Hiruta et al., 2005; Matsumoto et al.,
2005). If that is the case, the concentrations of all three
halogens reflect values lower than the concentrations in
the original fluids. Assuming that the original fluid in
this case had Cl concentration similar to that of seawater,
the initial values for the deepest section of PC05 would
increase from 1200 to 1440 pM for Br and from 170 to
215 pM for I, for example. Because none of the cores
comes close to reaching the lower limit of the gas
hydrate zone, it is difficult to decide between these two
explanations for decreases in Cl concentrations. In
either case, however, the observed concentrations of Br
and I constitute minimum values and the actual
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concentrations for these two halogens probably are
higher than observed here.

Some indication on the influence of deep gas hydrates
can be derived from the comparison of halogen ratios in
the cores. PCO5, PC12, and PC14UT are relatively
enriched in I (high I/Cl and I/Br ratios) compared to those
at high CI sites, PC04, PCO9UT, and PC10 and the
reference sites (Fig. 6). If the iodine deviation is directly
related to the occurrence of gas hydrates, iodine con-
centrations should be high in areas with gas hydrates
present. Since the I/Cl and I/Br ratios at high Cl sites (e.g.
PC04, PCO9UT, and PCI10) are relatively low, the

concentrations probably reflect dilution of I-rich deep
fluids with seawater, while low I/Cl and I/Br ratios at
sites with low Cl concentrations (e.g. PC02, 08, 11, and
13) probably indicate the presence of massive gas
hydrates below the cored intervals.

6.2. "?°I/I ratios in pore waters

6.2.1. "?°I/I profiles

Because of the low I concentrations in the shallow
depths, these samples generally produce small Agl targets
for AMS analyses, which result in relatively large error
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margins (Fig. 2). Nevertheless, all observed '*’I/1 ratios
show rapid decreases in the shallow intervals, reflecting
upward migration of deep fluids with high I concentra-
tions and '>°I/I ratios lower than the observed values, and
mixing between the deep fluids and shallow fluids with
low I concentrations and high '*’I/I ratios either in the
form of shallow pore waters or seawater. Almost constant
1291/1 ratios below ~4 mbsf at all sites indicate that the
low "*°I/I fluid domination starts at these depths.

6.2.2. Estimation of "*’I/I ratio of deep fluids

The I concentrations, except for gas hydrate-bearing
samples, increase logarithmically with depth, whereas Br
concentration increase only linearly, which may reflect the
release of reduced I in the shallow sediments (Fig. 2).
Shallow pore waters probably receive young I from
seawater and shallow sediments with ages <30 kyr, which
has a '*°I/I ratio similar to that in seawater. Assuming that
bottom seawater contains quantities of I from deep buried
sediments, the '*°I/I ratio of seawater might be decreased
from 150010~ '3 (Moran et al., 1998; Fehn et al., in
press) to 1180 x 10~ ' (observed maximum ratio; Table 1).
The solid lines in Fig. 7 exhibit mixing trends between the
sample with the lowest '*°I/I ratio (310x 10~ '>; PCO5 J-
50) and the standard seawater (I=0.4 pM) with '*°I/I
ratios of 1500 and 1180x 10 '°, respectively (shade in
Fig. 7). All samples fall into a field above the mixing lines,
indicating that young iodine release from sediments in the
upper few meters contributes to the iodine in the pore
waters. The maximum gradient for the highest I con-
centration sample at PC05 (dashed line in Fig. 7) suggests
that the maximum I contribution from sediments ranges
between 63.3 (**’I/I=1500x 10~ "%) and 77.5 uM (**V/
1=1180x 10~ '). In addition, these extrapolations indicate
that I concentrations and '*’I/I ratios of deep fluids rising
into the cored depth interval are ~185 uM and 300 %
10713, respectively.

Because decomposition of organic materials at depths
liberates 1 together with Br, the depth pattern of I is
commonly similar to that of Br except for those at
shallow depths, e.g. these concentrations rapidly increase
with depth and reach maximum or constant values at the
same depth (e.g. Egeberg and Dickens, 1999; Fehn et al.,
2006; Muramatsu et al., 2006). Diagenetic release of Br
occurs predominantly at depths and is negligible
compared to the release of I in shallow sediments.
Therefore, the effect of young I addition to the deep fluid
on the "*°I/I depth profile can be estimated by subtracting
the volume fraction of deep fluid calculated from Br
concentrations at depths where stable concentrations
have been reached. Assuming that the observed Br
concentration (Br,y,) results only from mixing between

Br in the deep fluid (Brgg) and in seawater (Bry,,), Brops
can be described using the fraction of deep fluid ( /) as:

Brobs :f'Brdf—i—(l —f)‘BI'SW. (1)

Because the Br concentration increases linearly with
depth (Fig. 2), f can be a function of depth. For I
concentration (or the '*°I/I ratio) profile, therefore, falso
represents the fraction of I ('*I) from deep fluids, while
(1—f) gives the fraction of “excess” I ('*°I) from
seawater and diagenesis of shallow sediments. The
estimated '*I/I ratio (Res) including such I can then be
expressed in the following equation:

R :f'ldf'Rdf+(1—f)'lsf'Rsf
o Solae + (1) e

(2)

where Iy and Ry are I concentration and '*°I/1 ratio of
rising deep fluid into the cored interval and I;rand Rgpare
additions from seawater and sediments combined in the
shallow interval (shallow fluid), respectively. Although
the Ry value can be constant in the sampled interval,
1500% 10" "%, I values probably vary with depth.
However, the maximum effects of the shallow I can be
calculated using Brge=1500 pM, I=63.3 pM,
Ry=1500%10""3 (or I4=77.5 uM, Ry=1180x10""%),
I4=185 pM, and Rg=300x10"'° (estimated from
Fig. 7). Fig. 8 shows the results of estimated R, profiles
on the observed '*I/I ratios at sites PCO5 and PC15
(shade bounded by solid lines). In the very shallow
intervals where observed I concentrations are below I,
mixing with seawater (I=0.4 pM) is applied (shade
bounded by dashed lines). Although the observed I/
ratios at PC15 agree well with the estimated pattern, those
at PCO5 are still smaller, which reflects smaller effects of
shallow I at PCO5 (Umitaka Spur) than at PCI15
(reference), i.e. deep fluid flux is greater at the spur than
at the reference site. Rapid '*°I/I changes due to I derived
from young sediments and seawater occur only in the very
shallow intervals, and the '*°I/I ratios of samples below 5
to 6 mbsf represent well the ratio in the rising deep fluid,
because I concentrations of deep fluids are much greater
than that in the shallow fluids. The '*°I/I ratios in this area
thus fall into the observed range between ~400x 10~ ' at
the Umitaka Spur and the Joetsu Knoll and ~600x 10~
at the reference sites (Fig. 2).

6.3. Potential iodine age signal

The elapsed time (7) since the '*°I was isolated from
the equilibrated iodine budget, i.e. seawater, can be
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ratio of 300x 10~ "% indicates I composition of initial deep fluid.

calculated by the observed radio/stable isotopic ratio
(1291/1) of iodine (R,p,s) and the standard decay equation:

Rops = Roe 12! (3)

where R, is the initial seawater '>°I/I ratio of 1500 x 10~ '
(Moran et al., 1998; Fehn et al., in press), and 41,9 is the
decay constant of '*°T (4.41x10® yr~'). Therefore, the
elapsed time, ¢, suggests an iodine age of ~30 Ma at the
Umitaka Spur and the Joetsu Knoll ('*’I/I=400x 10" '%),
and ~20 Ma at the reference sites (‘*’I/I=600x 10" '),
suggesting that the source formations for the iodine are of
Late Oligocene to Early Miocene age. The oldest ages
within that range are found at the active methane venting
areas.

Because spontaneous fission of ***U in the entire
sediment column produces '*°I during fluid migration
particularly in the porous sediments, the observed '*°1/1
ratio has been possibly increased and the iodine age can
be underestimated. The total fissiogenic '*°I production
is calculated as (Snyder and Fabryka-Martin, 2006):

Nizg = NassZazs Vizoep{(1=9) /@ } (1=e #) [d12g  (4)

where Nj5o and N»sg are the number of '*°1 and 2*%U
atoms, A,z and Aj,9 are the decay constants for

spontaneous fission of >**U (8.5x 10" yr™ ') and '*°I
(4.4x107% yr™ ), Y59 is production yield for mass 129
(3.0x10™ % Hebeda et al., 1987), ¢ is the escape
efficiency of '*°I from the mineral lattice into the fluid,
p is the rock density, ¢ is the effective porosity. The
potential input of fissiogenic '*°I can be calculated
assuming the following values for these parameters;
N»33=6 ppm (Klinkhammer and Palmer, 1991; Gariepy
etal., 1993) and e=1 (Fabryka-Martin et al., 1989; Fehn
et al., 1992, 2000; Moran et al., 1995), typical for deep
sediments; p=2.7 g/em’, and ¢=0.4. Based on these
values, the observed '*’I/I ratios can be increased by
70x10" " due to the fissiogenic input, which is well
within the error margin of the results.

The obtained iodine ages correspond well with the
age range of rapid deposition caused by the rifting along
the margins due to oblique plate motions at <~28 Ma
(Yamaji, 1990; Tamaki et al., 1992; Taira, 2001) and the
rotation of NE and SW geological parts of Japan
initiated at ~18 Ma, followed by seawater invasion
from Pacific Ocean through the Fossa Magna (Kato,
1992; Jolivet et al., 1994). The Early Miocene
formations in this area, e.g. Moriya, Uchiyama, Kanose,
Tsugawa, and Nanatani Formations (Tanaka et al., 1962;
Yamagishi, 1964; Yoshimura and Ishibashi, 1979; Kato,
1992), consist mostly of shallow marine sediments with
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altered pyroclastic rocks called Green Tuff which formed
by the intensive eruptions of submarine volcanoes asso-
ciated with the spreading of the Japan Sea. The source
formations responsible for iodine and methane genera-
tions are probably local, underlying this area. The obser-
vation that iodine ages at the active methane venting sites
are ~10 Myr older than those at the reference sites
suggests that fluid regimes in this area are largely
independent and derive methane from different source
formations.

The source formation of iodine associated with active
methane venting in the Umitaka Spur—Joetsu Knoll gas
hydrate field is correlated well with the depositional
system led by the early geological movements forming
the Japanese Island Arc. In contrast, the iodine ages of
pore waters in the Nankai Trough gas hydrate field in the
fore arc setting of the Japanese Island Arc, where gas
hydrates accumulate preferentially in sandy formations
with saturations >80% of pores (Matsumoto et al., 2004;
Tsuji et al., 2004), are predominantly >30 Ma at 26 to
223 mbsf, representing iodine migration from older
formations in the continental side (Fehn et al., 2003). The
contrast of source formations of iodine between gas
hydrate fields in the Japan Sea and the Nankai Trough
exhibits well the difference of methane accumulation
models: methane derived over short distances from a
rapidly deposited system associated with the expansion
of a back arc basin, versus long distance migration of

methane through the accretion-related deformed system
in the fore arc setting along the Japanese Island Arc.

7. Conclusion

Pore waters were collected from an actively venting
gas hydrate field near Sado Island, specifically from the
Umitaka Spur—Joetsu Knoll area of this field, located at
the eastern margin ofthe Japan Sea. Downward profiles of
Cl suggest the input of residual brine from the formation
of near-surface massive gas hydrate and possibly of fresh
water from the dissociation of deep-seated disseminated
gas hydrate. In contrast to the Cl profiles, at all sites Br and
I concentrations are higher than that of seawater and
increase with depth. This increase indicates the upward
migration of deep fluids enriched in I and Br as well as
methane in this area. Exceptions to these observations are
sites where massive gas hydrates are present near the
surface. In these sites, Br and I variations are considerably
reduced, indicating low water permeability led by the
formation of dense massive gas hydrate.

The '*°I/I ratios in all samples are below the pre-
anthropogenic marine ratio of Ro=1500x10"">. The
profiles show a decrease in ratio from samples close to
the sediment—seawater interface with depth, indicating
mixing of deep fluids with near-surface pore waters. The
initial "*’I/I ratio of deep pore fluid is estimated to be
~400x10""° at the active venting sites and ~ 600 x
10~ ' at the reference sites. These ratios correspond to
ages of 30 Ma and 20 Ma for the potential I source
formations, respectively, suggesting that the I associated
with active venting is essentially older than that at the
area lacking venting and/or gas hydrate. Overall, the
obtained age range corresponds well with the age when
the opening of the Japan Sea was initiated at <28 Ma,
followed by the rotation of NE and SW geological parts
of Japan forming the Fossa Magna sedimentary basin at
~18 Ma. The close association between iodine and
methane in aqueous solution makes it likely that the
organic-rich source formations for iodine also provide
the majority of methane in this area. Our results indicate
that methane in the Umitaka Spur and Joetsu Knoll gas
hydrate field is principally associated with the tectonic
processes forming the Japan Sea called Green Tuff
movement and that the gas hydrate fields near Sado
Island derive most of their methane from deep sources
formed during the opening of the Japan Sea.
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