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ABSTRACT

We report results from shipboard analyses and postcruise studies on
gas and interstitial pore waters from Ocean Drilling Program (ODP)
Sites 1150 and 1151, both penetrating ~1200 m of subseafloor sediment
from the upper Japan Trench forearc. Apart from concentrations of hy-
drocarbons in the gas phase, pore waters were analyzed for various ele-
ment concentrations and stable isotopic composition of Cl and B.

Both drill sites are characterized by two opposing trends in the
downhole element profiles in the pore waters. A strong depletion of Na,
K, Cl, and salinity is contrasted by an equally profound increase in spe-
cific mobile elements such B, Li, or Sr with depth. For example, al-
though chlorinity drops to about one-half the seawater (SW) value, the
same fluid shows a ~10-fold enrichment of boron and ~40-fold increase
in Li (relative to SW). The strong variations in concentration occur in
the deep, tectonically deformed part of the two drill sites, which show
abundant fractures and two shear zones (the latter at Site 1150). The
heavily fractured portions are further characterized by low δ37Cl values
(down to –1.1‰) and high δ11B values (~40‰–46‰). In the gas phase,
the fractured intervals show significant increases in hydrocarbon con-
tents and C1/C2 ratios. The profound excursions in gas and water pro-
files can be best explained by deep-seated processes. These may include
clay mineral diagenesis, alteration of tephra from the Japan and Izu
arcs, transformation of biogenic silica from abundant diatoms, and
maturation of organic matter. The strong enrichment of some mobile
elements (e.g., Sr, B, and Li) attests that enhanced fluid flow through
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permeable shear zones in the Japan Trench forearc (most prominently
at Site 1150) may be an efficient mechanism to return those elements
from the deep forearc back into the ocean.

INTRODUCTION

Recently, Ocean Drilling Program (ODP) Leg 186 drilling (Sacks,
Suyehiro, Acton, et al., 2000) targeted the Japan Trench forearc offshore
Honshu Island, where ~130-m.y.-old Pacific plate oceanic lithosphere is
subducted beneath Eurasia. Previous geophysical investigation (e.g.,
Nasu et al., 1980; von Huene and Culotta, 1989) and scientific drilling
(Deep Sea Drilling Project [DSDP] Legs 56, 57, 87; Scientific Party,
1980a, 1980b; Kagami, Karig, Coulbourn, et al., 1986) documented a
history of complex tectonic forearc dynamics. Whereas little accretion
has occurred during the Neogene, erosion related to subduction has
caused subsidence of the continental margin off northern Japan (von
Huene and Lallemand, 1990). Two holes, at Sites 1150 and 1151, were
drilled into the seismic and aseismic portion of the forearc with the
main purpose of installing downhole instruments. However, the ~1200
m of sediment recovered from each of these holes also revealed some
interesting details concerning deformation and deep-seated fluid flow
of the area. Here, we report geochemical results from both headspace
gas and interstitial water samples from the two sites to characterize
fluid flow and sediment-water interaction in the partly tectonized ma-
terial. Shipboard data are complemented by postcruise research of ele-
ment concentrations and isotopic signatures in the waters (e.g., Deyhle
and Kopf, 2002). The objectives of this summary paper are to combine
all geochemical evidence and relate it to different diagenetic processes
operating at depth, such as opal-A/opal-CT/quartz reactions, clay min-
eral transformation, adsorption/desorption reactions, and alteration of
ash and tephra.

GEOLOGICAL SETTING

The Japan Trench parallels the roughly north-south–striking volcanic
arc of northern Honshu Island, where Pacific oceanic basement is con-
sumed beneath the Eurasian plate at a convergence rate of ~9 cm/yr
(von Huene et al., 1982). The area has experienced abundant microseis-
mic events as well as several M > 7 earthquakes in historic time (Suye-
hiro and Nishizawa, 1994; Sacks, Suyehiro, Acton, et al., 2000). The
bulk of the forearc is composed of Cretaceous accreted strata (based on
moderate P-wave velocity and landward-dipping reflectors) (see von
Huene et al., 1994) discordantly overlain by thick forearc basin fills and
thinner slope apron sediments. The absence of young accreted strata in
the forearc as well as multichannel seismic records (Scientific Party,
1980b) attest that most of the sediment entering the trench is subse-
quently subducted. Earlier drilling campaigns (DSDP Legs 56, 57, and
87; Scientific Party, 1980a, 1980b; Kagami, Karig, Coulbourn et al.,
1986) provided evidence for subsidence of ~6 km, resulting from basal
erosion of the continental slope and forearc wedge, which also caused
the trench to retreat an estimated 50–75 km (Langseth et al., 1981; von
Huene and Lallemand, 1990). At present, the forearc morphology is
characterized by a steep and rugged inner trench slope, which is over-
lain by a deep-sea terrace and a 600-km-wide forearc basin (Cadet et al.,
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1985). Both Sites 1150 and 1151 were drilled into the forearc basin fill,
but neither hole reaches the Cretaceous.

DRILLING RESULTS FROM ODP LEG 186

During ODP Leg 186 (Sacks, Suyehiro, Acton, et al., 2000), ~1200 m
of sediment was penetrated at Site 1150 in a seismically active portion
of the Japan Trench forearc. The sedimentary section drilled recovered
dominantly hemipelagic diatomaceous silty clays and claystones of late
Miocene to Holocene age (0–9.9 Ma). Cores from 0 to 420 m below sea-
floor (mbsf) are soft diatomaceous silty clay of Pliocene–Quaternary age
with interbeds rich in ash layers, biogenic opal-A, or dolomite (Fig. F1A)
(Sacks, Suyehiro, Acton, et al., 2000). From 420 to 650 mbsf, similar but
more consolidated lithologies of latest Miocene age were recovered. Be-
low ~650 mbsf, cores consist mainly of well-lithified diatomaceous clay-
stone of late Miocene age (Fig. F1A). Prominent ash and tephra layers
are present at the top and base of the hole, with a notable increase in
volcanic deposits (>10 vol% of total sediment) between 0.5 and ~3 Ma
(Fig. F1A) (Sacks, Suyehiro, Acton, et al., 2000). Coarser-grained turbid-
itic deposits are found between 650 and 800 mbsf. Intervals rich in
opal-A (and opal-CT) are found throughout the hole (even at ~1050–
1118 mbsf), with scanning electron microscopy (SEM) evidence for
largely intact diatom tests (S. Saito, pers. comm., 2001). The resistance
of diatoms to collapse causes the anomalously high average porosities
of >50% at depths exceeding 1000 mbsf (Sacks, Suyehiro, Acton, et al.,
2000). Sediment accumulation was low from ~0.5 to 3 Ma but reaches
maxima between 6 and 8 Ma (up to 220 m/m.y.) (Fig. F1A) (Sacks, Suye-
hiro, Acton, et al., 2000). The average sedimentation rate is 119 m/m.y.
Faulting and brittle fractures are abundant from below 700 mbsf to the
base of the hole, with two shear zones at 900–950 and 1030–1070 mbsf.

At Site 1151, the sedimentary sequence ranges from Holocene to
middle Miocene age (0–16.3 Ma) (Fig. F1B), showing clayey diatom
ooze and diatomaceous silty clay to claystone as major lithologies.
Clays are soft in the upper 350 mbsf, firm between 350 and 650 mbsf,
and well consolidated below (Fig. F1B) (Sacks, Suyehiro, Acton, et al.,
2000). Intercalations of volcaniclastic ash, pumice, silt and sand, and
opal-rich diatom layers are present over wide portions of the section.
Ash is most abundant in sediments of 0.5- and ~4-Ma age. Brittle defor-
mation structures dominate below 400 mbsf but are less pervasive than
at Site 1150. Numerous fractures and microfaults observed in the core
and logging data are consistent with either the general east-west exten-
sional stress field corresponding to the opening of the Japan Sea or the
current east-west compressional tectonic stress field across the Japan
Trench forearc. The average sedimentation rate at Site 1151 is only 24
m/m.y. for Site 1151 but shows a wide variation from <10 to 180 m/m.y.
(Sacks, Suyehiro, Acton, et al., 2000).

At both sites, the high remaining porosities together with the frac-
tures have profound effects on the fluid chemistry, as they provide per-
meable pathways. Elevated porosities may be attributed to the—at least
temporarily—high sedimentation rates into the forearc basin; however,
recent triaxial consolidation tests confirm that the formation is not
overpressured (M. Ask, pers. comm., 2001). The reason for elevated po-
rosity at depth may be a combination of the unaltered, intact diatom
tests as well as a secondary porosity resulting from brittle failure in the
deeper part of the succession. At Site 1150, faulting and brittle fractures

F1. Simplified drilling informa-
tion, p. 17.
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(i.e., secondary porosity) are complemented by two shear zones at 900–
950 and 1030–1070 mbsf. The geothermal gradient in the Leg 186 area
was estimated from temperature measurements to range around 29°–
36°C/km (Sacks, Suyehiro, Acton, et al., 2000). 

METHODS

Totals of 39 (Site 1150) and 29 (Site 1151) fluid samples were ana-
lyzed for alkalinity, salinity, and concentrations of Cl, Ca, Mg, K, Na, Li,
and Sr. All these analyses were carried out on board the JOIDES Resolu-
tion during ODP Leg 186. Analytical procedures were outlined in the
“Explanatory Notes” chapter in the Leg 186 Initial Reports volume (Ship-
board Scientific Party, 2000) and will not be repeated here. Boron con-
centrations of the pore waters were determined by inductively coupled
plasma–atomic emission spectrometer (ICP-AES; Jobin-Yvon 170 Ul-
trace) and by inductively coupled plasma–mass spectrometer (ICP-MS;
VG-Plasmaquad PQ1) at Kiel University (Germany). Boron isotope mea-
surements were carried out using a Finnigan MAT 262 negative thermal
ionization mass spectrometer at GEOMAR, Kiel (Germany). The BO2

–

ion method was used in measurement of boron isotope ratios, follow-
ing the procedure outlined in Zuleger and Erzinger (1991). Internal pre-
cision is typically ±0.05‰ (2 σmean) on average; external reproducibility
is ±0.5‰.

In addition to the analyses on all the interstitial water samples recov-
ered during ODP Leg 186, δ37Cl isotope measurements were carried out
on 19 selected fluid samples from Site 1150. Analyses were conducted at
the University of Waterloo (Canada) using a VG SIRA 9 mass spectrom-
eter. The method measures CH3Cl in an adaptation of procedures devel-
oped by Kaufmann (1984), as is detailed in Sie and Frape (2002).
Measurements were made with a precision of ±0.15‰ (1 σ) based on re-
peat analyses of standard mean ocean chloride (SMOC).

After the standard headspace sampling of the cores (following Kven-
volden and McDonald, 1986), gas samples were analyzed on board the
JOIDES Resolution using a HP6890 gas chromatograph (Sacks, Suyehiro,
Acton, et al., 2000). Free-gas samples were also analyzed with a natural
gas analyzer attached to the HP6890, where two different columns are
used for detection (for details, refer to Shipboard Scientific Party, 2000).
Light hydrocarbon concentrations are reported in parts per million
(ppm; after calibration to authentic standards) and as C1/C2 ratios.

RESULTS

Element Concentrations in Pore Waters

Site 1150

In Site 1150 pore waters, an overall decrease in salinity and Cl con-
tent is observed with depth. Chlorinity drops from seawater values near
the top of the succession (~550 mM) to values near 300 mM at the base
of the hole (Fig. F2A). Similarly, salinity drops from 34 mM at the top to
~18 mM near the base of the hole (Fig. F2B). However, this freshening
does not occur continuously but is less pronounced in the upper 550 m
of the drill hole. Farther below, where faulting and abundant fractures
have created elevated secondary porosity of the claystones, Cl drops

F2. Pore water concentrations, 
Site 1150, p. 18.
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from ~480 mM (~510 mbsf) to 390 mM (~590 mbsf) and further to ~340
mM (~620 mbsf) (see Fig. F2A). Coincidently, downhole profiles of Na
(Fig. F2C), Mg (Fig. F2D), and K (Fig. F2E) closely resemble those of Cl.
The curves are nevertheless not identical, so simple dilution patterns
can not explain the variation. A very similar curve is seen for the alka-
linity, which—apart from a drastic increase from 24 mM (~20 mbsf) and
49 mM (~40 mbsf)—decreases continuously downhole to ~2 mM at the
base of the hole (Fig. F2F). The correlation between abundant fractures
(shaded intervals in Fig. F2) and low chlorinity suggests an influence of
deep-seated fluids possibly originating from clay mineral dehydration
reactions (Fitts and Brown, 1999) or alteration of biogenic silica (Kast-
ner, 1981; see discussion below).

Sr concentrations show an overall increase with depth, which is char-
acterized by two prominent excursions (Fig. F2G). The first interval of
Sr enrichment is between ~50 and 350 mbsf, which corresponds to a pe-
riod where volcanic activity and tephra deposition were most abundant
in the area (Fig. F1B) (Sacks, Suyehiro, Acton, et al., 2000). The second
interval where Sr enrichment is even more profound is observed at the
base of the hole (~1000–1200 mbsf, where Sr ranges around 240–260
µM) (see Fig. F2G). Here again, the Sr excursion seems to correspond to
a Miocene maximum in volcanic activity (see Fig. F1). As it has been
pointed out earlier, both ash alteration (e.g., Hawkesworth and Elder-
field, 1978) and calcite recrystallization (Sayles and Manheim, 1975)
may account for such Sr release to the pore fluid (see discussion below).
Li concentrations resemble the Sr trend in the upper part of the hole,
where values rise from seawater (SW) concentration to ~360 µM (Fig.
F2H). The overall enrichment relative to SW, however, is much more
profound for Li than it is for Sr. In the fractured interval, however, Li
initially increases (up to ~440 µM, or ~40-fold SW) but then drops to
~240 µM in the deepest pore water samples (Fig. F2H). This depletion in
the Miocene succession may either be due to Li uptake into the sedi-
ment or could be explained by freshening. Unlike lithium, Ca shows a
bimodal increase with depth, the first maximum between 200 and 300
mbsf (Fig. F2I, which coincides with almost every other element stud-
ied) and the second, more profound peak at the base of the hole. Here,
Ca contents climb to >5-fold SW concentration, with a maximum of
>21 mM (Fig. F2I). The Ca trend shows a commensurate behavior with
Mg (Fig. F2D), which reflects uptake of Mg from seawater into the sedi-
ment during diagenetic processes (see below).

Boron concentrations (Fig. F2K), which have been corrected based
on temperature, porosity, and pH following the method detailed in You
et al. (1996), also show a strong enrichment relative to SW. B contents
of pore waters from the subsurface sediments are generally slightly
higher than seawater (420 µM) (see Fig. F2K). This phenomenon has
been observed previously and can be interpreted as a result of bacterial
degradation of organic matter and accompanying B release into the
fluid (e.g., Harder, 1973; You et al., 1993, 1995). Apart from these data,
B at Site 1150 increases consistently to ~1100–1500 µM (i.e., 3- to 4-fold
seawater) at 500–550 mbsf (Fig. F2K). Below 600 mbsf, a considerable
shift to much higher B contents of ~1700–2200 µM occurs. At the very
base of the hole, a pronounced B maximum of up to 9.3-fold seawater
concentration exists (3600–3900 µM). Our results imply that boron is
removed from the solid phase (possibly from both clays and, to a lesser
extent, volcanic ash) in considerable amounts, with the B removal from
the solids and subsequent enrichment in the pore waters being more
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obvious in the firm and hard parts of the sedimentary succession (see
“Discussion,” p. 8).

Site 1151

Pore water profiles at Site 1151 show fewer similarities between the
various constituents than do those from Site 1150 (Fig. F2). Both chlo-
rinity (Fig. F3A) and salinity (Fig. F3B) show a more or less continuous
decrease with depth. Chlorinity almost immediately drops from near
SW values (550 mM) to ~500 mM (~100–280 mbsf) (Fig. F3A), before a
linear decrease causes freshening to values of ~300 mM at the base of
the hole. Salinity mirrors this trend, with a decrease from 34 mM near
the seafloor to about one-half this concentration at ~1100 mbsf (~18
mM) (Fig. F3B). Sodium contents (Fig. F3C) as well as magnesium con-
tents (Fig. F3D) closely resemble those of chlorine. The continuous
downhole decrease is best explained by pore water freshening pro-
cesses, either in situ or at depth (see discussion below). This also applies
to the potassium curve (Fig. F3E), where K concentrations drop to one-
half their initial value at the base of the sedimentary succession.

However, other element trends show peculiar excursions dissimilar
from the linear decrease observed for chlorinity, salinity, Na, Mg, and K.
Most notably, alkalinity reaches a maximum at ~200 mbsf and an in-
crease to ~24 mM at ~400 mbsf (Fig. F3F) and then decreases steadily
over the fractured interval to values <3 mM at the base of the hole. By
contrast, Sr content shows an initial increase to ~120 µM (SW = ~80
µM) but drops back to ~100 µM at 600 mbsf (Fig. F3G). From this
depth, which in broad terms corresponds to the onset of induration of
the clays and brittle failure and fracture development, a profound in-
crease to >230 µM (~3-fold SW) is observed. Lithium shows an even
more enigmatic trend, which again is dissimilar from Sr and alkalinity
but also from the earlier profiles (Figs. F3A–E). After a strong linear in-
crease from SW concentration to ~460 µM at ~700 mbsf (Fig. F3H), val-
ues stay at this high level in the 200-m interval below but then decrease
from 900 mbsf toward the base of the hole. After the significant enrich-
ment to >40-fold SW value, Li is only ~270 µM in the lowermost part of
the succession (Fig. F3H). Ca contents show a negative relationship
with Mg with the upper half of the sedimentary succession, having an
almost constant Ca content of ~4 mM in the pore water, whereas a
strong linear increase dominates the lower half (600–1100 mbsf) (Fig.
F3I). Maximum concentrations exceed 18 mM, which represents a 4.5-
fold enrichment relative to seawater.

Concentration of B increases at a relative continuous rate with depth
at Site 1151 (Fig. F3K). The uppermost 600 mbsf is characterized by a
gentle enrichment, reaching ~2-fold seawater B concentration at 400
mbsf (800 mM) and ~3-fold SW concentration (~1200 mM) at 600
mbsf. Below 600 mbsf, the B increase is steeper toward maximum con-
centrations of 2800 µM (i.e., 7-fold SW) but does not reach B contents
at Site 1150 (~9.3-fold SW).

Isotope Results from Pore Waters

Site 1150

Values of δ37Cl show an overall decrease with depth (Fig. F4). Com-
pared to seawater (0‰), negative values occur from 25 mbsf downward,
with a sharp decrease around 550 mbsf. Similar to Cl concentrations,

F3. Pore water concentrations, 
Site 1151, p. 19.
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this excursion seems to be linked to fractured claystones, which allow
deeper fluids to migrate upward. The most negative values, approxi-
mately –1.1‰, are observed near the upper of the two shear zones
(930–970 mbsf), supporting the notion that some of these fluids are de-
rived from depth. Compared to other convergent margins (e.g., Nankai
farther southwest, where δ37Cl drops to –7.8‰) (Kastner and Spivack,
2001), the negative shift of the δ37Cl data with depth is less pronounced
in the Japan Trench, whereas the freshening of Cl contents is stronger
(see “Discussion,” p. 8).

B isotopic compositions measured (δ11Bmeasured) were corrected for pH,
temperature, and porosity changes after core recovery (for details, see
You et al., 1996) and are then presented also as δ11Bin situ (see different
symbols in Fig. F5). The subsurface samples of Site 1150 are character-
ized by slightly more negative δ11B values than seawater (SW = 39.5‰)
(Spivack and Edmond, 1987), which results from the release of 10B dur-
ing bacterial processes (as also reported in Brumsack and Zuleger, 1992;
You et al., 1996). Values of δ11B decrease (between 32.7‰ and 35.4‰)
at rather shallow depth (100–500 mbsf). Such a shift to δ11B values
lower than seawater might be explained by B desorption from clay (Spi-
vack et al., 1987) or ash alteration (Brumsack and Zuleger, 1992). Be-
tween 650 and 1100 mbsf, the δ11B values become significantly higher,
exceeding seawater δ11B (up to 46.4‰) (see Fig. F5). This strong trend
toward more positive isotopic signatures corresponds to high B concen-
trations (up to ~2000 µM; ~4.5-fold SW) (see Fig. F5). In the lowest part
of the hole, δ11B values drop again (as low as 31‰) (Deyhle and Kopf,
2002), coinciding with high B contents (3900 µM; ~9.3-fold SW). This
general trend of decreasing δ11B together with a steady enrichment of
the B concentrations with depth likely reflects preferential desorption
of 10B during the release of B, due to compaction and increasing tem-
peratures (see “Discussion,” p. 8).

Site 1151

For Site 1151, Cl isotope data were not measured. B are presented in
Figure F5 isotopes (see also Deyhle and Kopf, 2002). Generally, the sur-
face samples are characterized by slightly lower δ11B values than sea-
water (SW = 39.5‰), which results from the release of 10B during
bacterial processes (as also reported in Brumsack and Zuleger, 1992; You
et al., 1996). Despite some scatter, the overall downhole δ11B values de-
crease gradually. This general trend of decreasing δ11B values (gray corri-
dor in Fig. F5) together with a steady enrichment of B concentrations
with depth (Fig. F3I) likely reflect preferential desorption of 10B during
the release of B, due to compaction and increasing temperatures (see
discussion below).

Hydrocarbon Gases

Site 1150

Headspace gas analyses indicate that methane (C1) and ethane (C2)
are the only hydrocarbons above the detection limit. Methane concen-
trations range between 0.05% and 9%, whereas ethane abundance is
relatively low (Fig. F6A). Although most data scatter between 0 and 10
parts per million volume (ppmv), there is a prominent increase to val-
ues as high as 26 ppmv in the lowermost part of the hole where frac-

F5. B isotopes, p. 21.
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tures are abundant. In fact, maximum values seem to coincide with the
lower shear zone (1030–1070 mbsf) (see Fig. F6A). Free-gas samples ex-
tracted from the core liner reflect headspace results, with even higher
C2 values of 79–116 ppmv (Sacks, Suyehiro, Acton, et al., 2000). C1/C2

ratios also reflect this increase in ethane as indicated by a steady de-
crease from ~600 mbsf (~6000 ppmv) (Fig. F6B) to the base of the suc-
cession recovered (2500 ppmv) (Fig. F6B). Among possible explanations
for our observations are hydrocarbon formation and upward migration
of these gases through the fracture network and penetrative shear
zones, microbial methanogenesis utilizing the abundant organic matter
in the sediments, or gas hydrate dissociation (see “Discussion,” p. 8).

Site 1151

Results from gas analyses are presented in Figure F6C and F6D. Meth-
ane is the dominant gas phase and does not change notably in the up-
per part of Site 1151 cores. Values in the shallow cores are ~4% and
decrease to ~1%–2% between 300 and 400 mbsf (Sacks, Suyehiro, Ac-
ton, et al., 2000). The enrichment in the shallow part may be due to mi-
crobial production. Although no δ13C data exist from these samples to
corroborate this hypothesis, C1/C2 ratios >>1000, as seen at Site 1151
(as well as Site 1150), are generally interpreted as being typical of sedi-
mentary environments with large methanogenic activity (Claypool and
Kaplan, 1974). In the fractured interval (below 600 mbsf), methane val-
ues increase steadily to ~8%; however, a strong scatter is observed in
these data. Ethane shows a similar downhole trend, with an increase
from ~4 ppmv at 600 mbsf to ~13 ppmv at 1100 mbsf (Fig. F6C). In the
lowermost 100 mbsf of the hole, a peculiar decrease back to 2 ppmv is
seen. The same significant drop in methane concentrations to ~1% is
observed. Owing to the similarity of the C1 and C2 concentrations as a
function of depth, the C1/C2 ratio remains more or less constant over
the entire succession. Data generally scatter from 4000 to 6000 ppmv
(Fig. F6D). Consequently, the average C1/C2 ratio of the Site 1151 sam-
ples is higher than that at Site 1150, whereas the absolute C2 concentra-
tions are much lower. Methane concentrations are similar at the two
drill sites (Sacks, Suyehiro, Acton, et al., 2000).

DISCUSSION

The discussion will focus on the origin of the fluids, their flow paths,
and the possible causes for excursions of the pore water chemistry at
Sites 1150 and 1151 and will be supplemented by the hydrocarbon
data. As can be seen from the results presented by Sacks, Suyehiro, Ac-
ton, et al. (2000), Deyhle and Kopf (2002), and this manuscript, pore
water chemistry shows strong anomalies from the expected downhole
trends in the interval below ~600 mbsf. This depth range coincides with
a considerable induration of the diatomaceous clays toward firm or
even cemented claystone (Sacks, Suyehiro, Acton, et al., 2000). As a
consequence, brittle failure of the sedimentary rocks is frequently ob-
served, as indicated by the shaded areas in Figure F2. The main aspect
to be addressed in the discussion is necessarily the origin(s) of the ex-
cursions in the pore fluid profiles. Possible candidate processes are in
situ alteration reactions of the rocks in the deeper part of the borehole,
external fluid influx from deeper levels utilizing the fractures and shear
zones, or gas hydrate processes.
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The most remarkable concentration changes in Sites 1150 and 1151
pore fluids are the low chlorinities, salinities, and alkalinities in the
deep sediments below 600 mbsf (Figs. F2A, F2B, F2G, F3A, F3B, F3G).
Possible processes contributing to such freshening may be clay mineral
dehydration (Gieskes et al., 1990), alteration of biogenic silica (opal-
quartz transformation) (Kastner, 1981), ash alteration (Gieskes and
Lawrence, 1981), or gas hydrate dissociation (Kopf et al., 2000). Clay
mineral dehydration may be caused by tectonic compaction (i.e., loss of
interlayer water, as has been evidenced by Fitts and Brown, 1999) or
may be a temperature-driven transformation of smectite to illite (e.g.,
Colten-Bradley, 1987). Similarly, biogenic silica (opal-A) may be trans-
formed to secondary silica lepispheres and quartz, again mostly as a
function of increasing temperature during burial (e.g., Moore and
Gieskes, 1980). More locally, influx of meteoric waters through advec-
tion across porous sandstones and conglomerates has been previously
put forward as an explanation for the low Cl contents (Moore and
Gieskes, 1980). This latter finding, largely based on pore fluid chemistry
of DSDP Sites 438 and 439 (adjacent to Site 1150), seems to be restricted
to an area of ~1000 km2 into which freshwater ceased to migrate prior
to the major subsidence events in the Japan Trench forearc. Sacks, Suye-
hiro, Acton, et al. (2000) came to a similar conclusion, since ancient
meteoric waters would have to originate from shallow-water deposits,
which have not been recovered. Influx of fresh meteoric waters can
equally be ruled out because the shoreline is >100 km away from the
drilling locations (Sacks, Suyehiro, Acton, et al., 2000). Gas hydrate dis-
sociation, which is a possibility since the drill sites are well within the
stability zone of massive clathrates, has been shown to cause chlorini-
ties in ODP pore waters to drop to one-half of SW concentration and
below (Kopf et al., 2000). On the other hand, no bottom-simulating re-
flectors are observed in seismic reflection lines in the area (von Huene
et al., 1994; Tsuru et al., 2000), which indicates that free gas is unlikely
to be trapped beneath the hydrate stability zone. However, some con-
centrations of dissolved elements are extremely high (e.g., Li = ~40-fold
SW concentration at Site 1150), so that we feel it is unlikely that this
value was even higher in the original pore fluid prior to hydrate dissoci-
ation during core recovery. Even the measured values of Li or B are un-
common and among the highest measured in marine pore waters,
suggesting that basically none of these soluble elements are taken up by
the solid phases present.

Given the regional arguments against meteoric or hydrate waters as
well as the SEM observations in the deep part of the Leg 186 drill sites,
where diatom tests have been shown to be unaltered as well as physi-
cally intact (i.e., not crushed or collapsed) (S. Saito, pers. comm., 2001),
we are left with either ash alteration and/or clay dehydration to explain
the freshening.

In addition to chlorinity, decreasing element concentrations (like
Mg, Na, and K) (Figs. F2, F3) (see Sacks, Suyehiro, Acton, et al., 2000)
with depth may equally be explained by mineral dehydration–induced
dilution but could also have been caused by preferential uptake of some
elements during diagenetic reactions. Especially, the smectite to illite
reaction may be a sink for elements like Mg or K (Perry and Hower,
1970). In addition, some of the pronounced enrichment patterns found
in the interstitial waters (e.g., the strong B enrichment in the fractured
interval of both sites) (Figs. F2K, F3K) could be a result of increasing
tectonic stresses and temperatures, which cause the adsorbed B species
to be released to the fluid (e.g., Spivack et al., 1987; You et al., 1993,
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1996; Deyhle and Kopf, 2002). However, B may be mobilized during al-
teration of magmatic materials like tephra or basaltic crust as well (e.g.,
Palmer and Swihart, 1986), which would also result in a shift to more
positive isotope ratios (as illustrated in Fig. F3B). Alteration of volcanic
matter dispersed in the sedimentary column (both as patches and thin
beds), furthermore, appears to have a profound effect on dissolved con-
stituents in the pore water. Namely, mobile elements like B, Sr, and Li
are affected, resulting in pronounced enrichments of the latter element
(e.g., ~440 µM in the fractured interval of Site 1150) (Fig. F2H). Al-
though there are distinct periods of enhanced volcanism (especially
during the most recent Earth history), the increase of most elements is
linear and does not show maxima in the fractured interval where vol-
canic matter is most abundant (i.e., at the base of Site 1150) (see Fig.
F1B, right column). This would be in agreement with the observation
that the majority of the ash and tephra layers appear unaffected or only
slightly altered (Y. Najman, pers. comm., 2001). On the other hand, the
strong deviation of Ca vs. Mg contents from a linear relationship (Fig.
F7) may be taken as indirect evidence for alteration of magmatic mate-
rial (see McDuff, 1978, 1981) and at Sites 1150 and 1151 is in fact more
accentuated than similar data from other drill sites (see compilation in
Gieskes and Lawrence, 1981).

Two competing hypotheses can explain the observed patterns at Leg
186 sites: in situ alteration of fluids or upward migration of a fluid al-
ready altered at depth. In situ alteration is unlikely to have had a pro-
found effect on the clays and diatoms in the Leg 186 sediments. In
Miocene sediments similar to those from Leg 186, Murata et al. (1977)
found that a temperature window of 41°–56°C is required to signifi-
cantly alter opal-A. For these reasons, both smectite-illite reactions and
silica diagenesis are unlikely to have profound effects in the ~1200 m
drilled at Sites 1150 and 1151 because in this part of the Japan Trench
forearc the geothermal gradient is ~30°–35°C/km (Sacks, Suyehiro, Ac-
ton, et al., 2000). Also, Moore and Gieskes found only very minor for-
mation of secondary silica lepispheres from diatom tests at ~850 mbsf
at DSDP Site 438 (temperature = 31°C) and Saneatsu Saito (pers. comm.,
2001) observed largely intact diatom tests in deep sediment samples
from Leg 186 using SEM. As it has been shown in hydrothermal experi-
ments by Kastner et al. (1977), silica diagenesis is retarded during clay
alteration because smectite is a competitor for Mg2+ and OH– ions re-
quired for opal-A/opal-CT transformation. Silica diagenesis can also be
ruled out given that B contents increase with depth (Figs. F2K, F3K),
whereas a significant decrease in B has been reported from ODP Sites
794–797 in the Japan Sea below the opal-A/opal-CT transition (Brum-
sack and Zuleger, 1992). The latter is most likely a result of water being
released from the amorphous tests during the transformation reaction.
As for clay mineral processes, smectite contents are generally high (of-
ten ~50%–70% of the clay portion) (Ask and Kopf, in press), which fur-
ther rules out in situ transformation to illite. All the abovementioned
alteration processes may well play a role below the terminal depths of
the Leg 186 sites, so that deep fluids affected by them could well have
been picked up in the fractured rocks recovered.

The two competing mechanisms explaining the isotope excursions
and the element enrichment/depletion patterns in the studied fluids
are ash alteration and deep-seated processes (clay transformation, etc.).
As can be seen from Figure F1, there is an increase in volcanic activity
in the upper Miocene. However, this increase affects mostly the lower-
most part of the boreholes below 1000 mbsf. It therefore may account

F7. Ca vs. Mg, p. 23.
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for the strongest Sr, Li, and B enrichments (Figs. F2F, F2H, F2K, F3F,
F3H, F3K, respectively) and decrease in δ11B values (Fig. F5) near the
base of the two holes and may equally be responsible for an increase in
Cl at the very bottom of Site 1150 (Martin, 1999). It is, however,
unlikely to be the reason for the overall deviation of the downhole
trends from ~600 to 1200 mbsf (Figs. F2, F3) (Sacks, Suyehiro, Acton, et
al., 2000). For instance, the strong depletion of Li (Fig. F3H) at Site 1151
would be in conflict with alteration of ash in these Miocene sediments.

By contrast, the deep fluid hypothesis is supported by several argu-
ments. First, fluid pathways exist in the firm claystones in the deeper
part of Sites 1150 and 1151, represented by a several hundred-meter-
thick fractured interval at either site as well as two shear zones at 900–
950 and 1030–1070 mbsf at Site 1150. Second, illitization of smectite is
believed to begin at ~60°–70°C and to finish at ~120°–150°C (e.g.,
Colten-Bradley, 1987). Given the thermal gradient of ~30°–35°C/km,
temperatures sufficient for clay diagenesis and similar temperature-
driven processes should occur well below the terminal depth of the drill
hole. Based on the continuously strong downhole increase of B and Li
and decrease in Cl, we conclude that the majority of the pore fluid sig-
natures are affected by clay mineral water release and simultaneous cat-
ion desorption from transforming claystones, due to incipient pressure
and temperature with depth. Such a trend has previously been de-
scribed for other forearcs (e.g., You et al., 1993, 1995; Deyhle and Kopf,
2002). At permeable faults, such as the décollements of the Nankai ac-
cretionary prism farther south (~3000 µM B; i.e., 7-fold SW) and the
Barbados Ridge (~1500 µM B; i.e., 3.5-fold SW) (You et al. 1993), deep-
seated fluids migrate to shallow depth. B concentration is highest
where faults intersect the drilled profiles, which have been interpreted
as normal-sense shear zones at the base of Site 1150 (Sacks, Suyehiro,
Acton, et al., 2000). The fluids migrating through these shear zones
have even higher B concentrations and isotope values (Figs. F2K, F5).
Similarly, δ37Cl values of the deep-seated shear zone fluids have very
distinct signatures (Fig. F4), supporting an external fluid influx into the
deeper portion of Site 1150. This migration of fluids does not produce a
strong discontinuity in the downhole pore water profile, which is sug-
gestive that flow may be episodic. On the other hand, only some décol-
lements show abrupt deviations of pore water curves (Nankai and
Barbados) (You et al., 1993), whereas others show a minor discontinuity
(Costa Rica) (Kopf et al., 2000).

The interpretation based on δ11B data is not as straightforward as it is
for B contents between the two drill sites. Because clays preferentially
contain 10B, desorption at depth is expected to produce lower δ11B val-
ues than seawater (and to have higher B contents, as indicated by the
gray corridor in Fig. F5). This observation is in agreement with the B
concentrations and the isotope data of Leg 186 pore waters (Figs. F2K,
F3K); however, it fails to explain the shift to lower δ11B values between
100 and 400 mbsf and the positive shift to higher δ11B values between
600 and 1100 mbsf at Site 1150 (Fig. F5). In the fractured and sheared
depth intervals of Site 1150, B contents reach maxima of almost 10-fold
SW concentration and δ11B values are high (Fig. F5). Such elevated δ11B
values can be related to preferential uptake of 10B into mineral lattices,
such as illite (e.g., Williams et al., 2001) or tourmaline minerals (Palmer
and Swihart, 1996). Hence, out-of-sequence faults in the Cretaceous
margin wedge and overlying, hydraulically connected normal shear
zones in the slope apron do both favor to some extent the backflux of



A. KOPF ET AL.
FLUID GEOCHEMISTRY SYNTHESIS 12
geochemically mature fluids from the foreac into the ocean. Such fluid
flux (and expulsion in the forearc) is indirectly supported from
geochemical studies of the northeast Japan arc lavas, which attest that
the contribution of sediment-derived fluid into magma genesis is only
10% (Sano et al., 2001). Consequently, most of the fluid from the un-
derthrust sequence and the forearc wedge migrates upward along the
décollement, out-of-sequence thrusts, and shear zones (as drilled during
Leg 186) into the ocean.

If we compare the depth trends of the different constituents in the
pore fluids of either drill site there are general similarities, but there is
also one distinctive pattern in the interval between ~200 and 600 mbsf
at Site 1150. Good agreement exists between the profiles of alkalinity
(Figs. F2F, F3F), ammonium (Sacks, Suyehiro, Acton, et al., 2000), sul-
fate, and boron (Figs. F2K, F3K). However, compared to the overall
downhole trends (no matter whether increasing or decreasing), the in-
terval from 200 to 600 mbsf shows excursions in many of the other ele-
ments. Salinity, Cl, K, Na, Mg, Li, and Sr increase relative to the
expected downhole trend (Figs. F2, F3). Also, Cl isotope values increase
(Fig. F4). The combined evidence of these excursions can best be ex-
plained by the release of a fluid of seawater-like composition, as has
been argued previously based on evidence from a comprehensive B
geochemical study (see discussion in Deyhle and Kopf, 2002). 

The results drawn from pore water studies are supported by the gas
data (Fig. F6). Whereas methane concentrations are similar at the two
drill sites (Sacks, Suyehiro, Acton, et al., 2000), there is a more profound
enrichment in C2 concentrations at Site 1150. Since not only C1/C2 de-
creases, but absolute C2 concentrations increase, methanogenesis alone
cannot explain the data. Gas hydrate dissociation has also been ruled
out for other reasons (see above). The high C2 content at Site 1150 is
probably a result of conductive discharge of fluids rich in deep-seated
gas along shear zones and fracture networks, especially when compared
to Site 1151, where no major shear zones were penetrated. This conten-
tion is supported by the fact that average C1/C2 ratios of the Site 1151
gas samples are higher than those at Site 1150, whereas the absolute C2

concentrations are much lower. However, both sites show lowest values
(i.e., strongest thermal maturation signal) well above 1000 ppmv,
which has been accepted as the lower boundary of the field of microbial
methane production in the sediment (Claypool and Kaplan, 1974).
Consequently, we conclude that most of the gas sampled from Leg 186
drill cores originates from shallow to moderate depth within the Japan
Trench forearc.

CONCLUSIONS

The results from the geochemical study of ODP Leg 186 pore fluid
and gas samples can be summarized to the following conclusions:

1. The prominent excursion of the majority of the element concen-
tration profiles and isotope curves with depth suggest that a
deep-seated fluid migrates into the lower half (~600–1200 mbsf)
of the sedimentary succession drilled at Sites 1150 and 1151, Ja-
pan Trench forearc. Main processes operating at depth are clay
mineral transformation (causing freshening of the pore fluid),
desorption reactions (causing enrichment in B and other ele-
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ments), and—to a lesser extent—formation of secondary silica
from opal-A.

2. Chlorinity and salinity of pore waters from the two sites drilled
during Leg 186 are much lower than those reported from deep-
seated décollement zones at Nankai, Barbados, and so on. This
freshening attests to mobilization of mineral water at depth,
which is then expelled along permeable faults and shear zones.

3. Deep-seated processes in the fractured intervals of Sites 1150 and
1151 are further shown by elevated hydrocarbon contents and
decrease of the C1/C2 ratios (especially at Site 1150) in gas sam-
ples from both drill sites.

4. In situ alteration of ash and tephra may account for some excur-
sion of the pore fluid profiles (e.g., Sr and Sr isotopes), especially
in the deeper part of Site 1150. This result is supported by other
observations such as the strongly nonlinear Ca/Mg relationship.

5. Extremely enriched concentrations of B (almost 10-fold SW con-
centration), Sr, but also Ca and Li are observed in the Leg 186
pore waters, although salinities and chlorinities of the same flu-
ids drop to nearly one-half the seawater concentration. Com-
pared to fluids from the décollement zones of accretionary
prisms, an even stronger B enrichment occurs in these fluids
from shear zones in the upper slope of the Japan Trench forearc.
Thus, the B backflux from sediments into the ocean might have
been underestimated previously (see Kopf et al., 2001) when B
geochemical mass balances focused mostly on fluids venting
from décollements of accretionary prisms. Although less pro-
nounced, the same effect is observed for other elements.
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Figure F1. Simplified (A) Site 1150 and (B) Site 1151 drilling information, including major lithologies, de-
gree of sediment induration, sediment accumulation rates, and ash abundance (compiled from Sacks, Suye-
hiro, Acton, et al., 2000).
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Figure F2. Pore water concentrations of (A) Cl, (B) salinity, (C) Na, (D) Mg, (E) K, (F) alkalinity, (G) Sr,
(H) Li, (I) Ca, and (K) B vs. depth at Site 1150. Shaded intervals are zones with abundant faults and frac-
tures; dark shading = shear zones.
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Figure F3. Pore water concentrations of (A) Cl, (B) salinity, (C) Na, (D) Mg, (E) K, (F) alkalinity, (G) Sr, (H) Li,
(I) Ca, and (K) B vs. depth at Site 1151. Shaded intervals are zones with abundant faults and fractures.
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Figure F4. Cl isotope signatures vs. depth from pore fluids at Site 1150.
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Figure F5. B isotope signatures of pore fluids at Sites 1150 and 1151. Note that B isotopic compositions
measured were corrected for pH, temperature, and porosity changes after core recovery (for details, see You
et al., 1996). The δ11Bcorrected values (assumed to represent δ11Bin situ) show only a small deviation from
δ11Bmeasured, typically resulting in negligible shifts that lie within the analytical error of the thermal ion mass
spectrometry analyses. The gray corridor represents the anticipated fractionation trend with depth. Right
depth trends reflect relative ash abundance in sediments from Sites 1150 and 1151.
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Figure F6. C1/C2 ratio and C2 contents of gas samples recovered from (A, B) Site 1150 and (C, D) Site 1151.
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Figure F7. Ca vs. Mg contents in pore fluids from (A) Site 1150 and (B) Site 1151. Diagonal lines are placed
to help illustrate the strong deviation of the data. Note that deviations are more pronounced than at any
DSDP site studied by Gieskes and Lawrence (1981).
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