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D eep-w ater sam ples collected  during the K aiko project are o ften  associated  w ith bio logical com m u nities located  on  
geological structures favorable to fluid venting. T he evidence o f  fluid venting are the tem perature anom alies, the 
decrease in su lfate concen trations, the content in m ethane and the low  C j / f C j  +  C ,)  ratio o f  light hydrocarbons. 
Because o f large d ilu tion  by am biant seawater during sam pling it is d ifficu lt to  com p u te  the com p osition  o f the 
advectcd  end-m em ber pore fluid. Part o f  this flu id should originate in the “ petroleum  w indow ", i.e. at tem perature  
about 60 ° C. M od elin g  the upward flow  o f water, taking in to  account the anom alies o f  tem perature m easured on the 
seafloor and the geoch em ical anom alies, leads to non -stead y-sta te  advection  o f the pore fluid. T he occurrence o f  a deep  
com pon en t in the fluid has im p lications for the geo log ica l and tectonic m od els o f the subdu ction  zones o ff  Japan.

1. Introduction

The discovery of clam communities associated 
with fluid venting in the accretionary complex of 
the Oregon subduction zone has opened the dis­
cussion on the origin and the source depth of the 
advecting fluids [1,2], One of the purposes of the
Kaiko program  was to test the possibility of ad ­
vection of fluids associated with the dewatering of 
the accretionary prism  in the subduction zones off 
Japan. There were some previous hints that such 
advection was occurring from the D SD P results 
off northern Japan [3], It was found that the light 
hydrocarbon ratio C , / C 2 was possibly lowered by 
inputs of petrogenetic hydrocarbons and that the 
8n C of C H 4 was correlatively lowered [3]. Hence, 
the bottom  water sampling during the Kaiko legs 
was oriented towards understanding these possible 
processes at locations where the presence of b io­
logical com m unities indicate that fluids may be 
venting. The capability of handling tools from the 
submersible “ N autile” was extensively used to
fulfill this program.

2. Sampling and analyses

The water samples were collected either with 
titanium  syringes handled directly above the sedi­
ment interface or with an aluminium box corer 
and core samplers lined with plastic by w ithdraw­
ing the supernatant water. The use of syringes to 
attem pt to sample as much as possible of venting 
fluid associated with the biological communities 
posed constraints on the representativeness of the 
samples. The flux of fluid passing through the 
com m unities is small (see later) and so as not to 
dam age the instrum ent it was deployed in the free 
bottom  water w ithout touching the solid sub­
strate; hence the fluid samples were a mixture of 
mostly bottom  w ater with a small percentage of 
fluid advecting from the sediment.

The location of the samples is listed in Table 1 
and shown in Figs. 1 and 2. The samples that are 
clearly associated with biological com m unities are 
HY4, 7, 8, 9, 10, 14, 15, 16. Fig. 2 shows the exact 
locations of the samples from the clam community 
in the deep-sea fan of Tenryu Canyon together 
with the m easured tem peratures. Sample HY16
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Fig. 1. G eneral location  m ap o f  deep-w ater sam ples from  
subduction  zones o f  Japan.

was taken 2 m from sam ple  H Y I 5 so as to check 
for the effects of mixing of  advecting fluids with 
seawater over short distances. Some of the other 
samples may also be associated with fluid venting
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Fig. 2. D etailed  sam pling schem e in the b iological com m unity  
o f Tenryu deep sea fan HY =  w ater sam ple: 5TL 5N C  and 
5BC" are sedim ent sam ples. M easured tem peratures are also  
given ( ° C ) .  A fter a drawing by A. Taira. The black dots 
correspond to sam pling location s and tem perature m easure­
m ents (see |28]J.

because of favorable geological structure. This is 
the case for HY3 located in a region of small 
ledges, in the vicinity o f  a thrust in the Zenisu 
Basin. In the vicinity of Tenryu Canyon, samples 
H Y I ,  2 and 5 will be considered as reference 
samples of local deep-sea water.

T A B L E  1

L ocations and depths o f water sam ples obtained  during K aiko project

Sam ple Location D epth  (m ) Sam pler a C om m ents

HY11 3 8 °1 6 '4 2 N , 137 ° 2 4 '15E 4187 T.S. N ankai Trough
H Y 12 sam e as H Y I 1 4187 B.C. olive-grey sem i-consolidated  claystone
1IY13 3 3 ° 1 6 '5 3 N , 1 3 4 °  2 4 '0 6  E 4234 T.C. olive-grey sem i-conso lidated  claystone; N ankai Trough
H Y 2 3 3 ° 3 6 '6 0 N . 1 3 7 °3 2 '6 0 E 3844 T.S. Tenryu C anyon deep-sea fan
H Y I 3 3 ° 3 6 '0 9 N , 1 3 7 °3 2 '6 0 E 3839 T.S. Tenryu C anyon deep-sea fan; N -S  outcrop
HY5 3 3 ° 3 7 '6 2 N , 1 3 7 °3 2 '1 0 E 3676 T.S. top o f anticline; side o f  Tenryu C anyon
H Y 4 3 3 ° 3 6 '3 5 N . 1 3 7 ° 3 2 '2 5 E 3836 T.S. clam  field , NW -SF. fault N 5 0 ° F . flexure; Tenryu C anyon
H Y 7 sam e as H Y 4 3836 T.S. see Fig. 2
H Y 8 sam e as H Y 4 3836 T.S. sec Fig. 2
H Y 9 sam e as H Y 4 3836 B.C see Fig. 2
H Y 10 sam e as H Y 4 3836 T.C. see Fig. 2
H Y 6 3 3 ° 3 6 '2 1 N , 1 3 7 ° 3 2 '0 3 E 3830 T.C. olive-grey m ud 300 m o ff clam  field; T enryu canyon
H Y 3 3 3 °  11 '48N , 1 3 7 ° 5 3 '0 1 E 4184 T.C. Zenisu Basin; coarse sandy sem icon so lidated  mud: 

structure?
H Y 18 33°45'O O N , 1 4 2 °2 9 '5 6 E 5611 T.S. flank K ashim a Seam ount; calcareous outcrop
H Y 19 35 °4 8 '3 2 N , 1 4 2 °2 5 '7 2 H 5513 T.C. olive-green mud; K ashim a, innerwall o f  Japan Trench
H Y 14 35 °  5 4 '6 2 N , 1 4 2 °3 0 '9 0 F . 5640 T.S. c lam  field; N 2 8 0 ° E  flexure; innerwal o f  

Japan Trench, Kashim a
H Y 15 4 1 ° 1 8 '0 5 N , 1 4 4 °4 4 '0 7 E 5129 T.S. clam  field; sm all ledge on subvertical 

fault indurated mud
H Y 16 sam e as H Y 15 5129 T.S. 2 m o ff  H Y 15

“ T.S. =  titanium  syringe; B.C. =  box corer; T.O. =  tube corer.
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The syringes were subsampled on board ship 
for 3 H e / 4 He and other rare gases measurements, 
for light hydrocarbons and for 180 / 160  and D /H  
determ inations. Samples for nitrate were frozen 
upon recovery. The determ inations of pH  and 
alkalinity were done on board ship using Tris 
buffer as reference. Dissolved sulfide was de­
term ined by potentiom etry with an A g /A g 2S elec­
trode. Samples for trace element chemistry' back at 
the shore-based laboratory were filtered (Nucleo- 
pore 0.1 jam) and acidified with ultrapure nitric 
acid. The filters were stored for microscopic ex­
am ination. The tem perature of the samples and 
the am bient seawater were determ ined in situ with 
the tem perature probe ( ±  0.005 °C ) attached to 
one of the arms of “ N autile” . During shipboard 
subsam pling and handling the tem perature was 
generally less than 7°  C. G as overpressure was 
also found in several samples (HY3. 5, 7, 8, 11, 
18). In the shore-based laboratory 180 / 160  and 
D /H  were measured by mass spectrom etry and 
light hydrocarbons by gas chrom atography. M eth­
ods for o ther elements are given in Table 2 to ­
gether with accuracies. The filters were examined 
by SEM coupled with TR A C O R  to identify 
minerals. Some particles were also examined by 
X-ray m icrodiffraction.

Results are given in Tables 3, 4 and 5. Total 
dissolved sulfides were always less than 10 7 M. 
The major cations (Li*, N a 1, K / ,  R b /  M g2 t , 
C a2*, S r2 + ) and anions (C l- , F - ) of seawater

T A B L E  2

A nalytical m ethods

Elem ent M ethod Standard A ccuracy

N a, K, Ca F A A seaw ater a 2-3%
M g F A A seawater 3%
Li. R b, Sr FA A seawater 5%
Fe, M n. Cu, C o 1 
M o. Ba. Pb. C d ƒ

Z C F A A seawater 5%

Cl A g *  T 0.2%
F P seaw ater 1%
N O ,.  SO„ IC seawater 2%
Si MC seawater 1-2%
Aik H + T seawater 0.2%

F A A  =  flam e atom ic absorption; Z C F A A  =  Z eem an corrected  
flam eless atom ic absorption; A g  + T  =  titration w ith H g + using  
an A g -A g 2S electrode; P =  poten tiom etry  w ith specific  e lec­
trode; IC =  ion chrom atography; M C =  m olyb date co lorim e­
try; H + T =  acid  titration.
" Seaw ater w ith add ition  o f  elem ent.

showed no significant variation. The only excep­
tion is a 1-2% decrease of M g2 + in HY4, 7 and 8, 
accom panied by the decrease of the M g /C l ratio. 
Considering that elements such as Ca, Mg, Li, Sr 
show significant variations in the pore waters of 
nearby sediments [4,5], this signifies that the frac­
tions of advected pore fluid collected in these 
samples are less than 10%. Hence the possibility of 
assessing the characteristics of such fluid will be 
limited. This point is discussed further below.

3. Geochemical evidence for advection of pore
waters

We will first discuss the evidence for possible 
advection of fluids at the locations of sampling, 
then the characteristics of the fluids and possible 
controls on their com positions and last their origin 
and the rate and mode of advection of pore fluid.

The samples show no significant variations in 
the composition of the m ajor dissolved cations 
and chloride which would have enabled us to 
place limits on the contribution of pore water to 
the total samples. However, in the absence of such 
clear diagnostic features several other im portant 
param eters and species show sufficient variations 
from which we can deduce the participation of 
pore fluids.

Of these the most straightforward evidence is 
the tem perature anomalies measured in situ. We 
have found tem perature anomalies in the range 
0 .1 -0 .45° C in the immediate vicinity of biological 
com m unities and  anom alies in the range 
0 .01-0.03° C in the overlying bottom  waters. Even 
if some may be due to biological activity, it is 
doubtful that significant tem perature differences 
can be m aintained in open waters if there is no 
input of fluids from the sediment. Similar tem per­
ature anomalies were also observed in the vicinity 
of fluid vents in the subduction zones off the coast 
of Oregon [1],

The small M g2+ decrease in HY4, 7 and 8 can 
also be related to mixing of advected pore fluids 
and to the tem perature anomalies in the same site.

The occurrences of large concentrations of light 
hydrocarbons (about ten times the expected level 
for m ethane and much more for C 2 and C 3) are 
also related to advection of pore fluids (Table 5). 
The m ethane contents are in the same range as 
found in samples from the vent areas in the sub-
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T A B L E  3

W ater sam ples. M ain param eters: tem perature, pH  and alkalinity (A ik ) and com p osition  o f characteristic d isso lved  elem ents. The 
tem perature readings are from  the “ N au tile” probe and the tem perature differences ( à T )  were those observed during sam plin g with  
reference to am biant deep ocean waters

Sam ple H Y ll H Y 12 H Y 13 H Y 2 H Y I H Y 5 H Y 4 H Y 7 H Y 8

Sam pler T.S. B.C. T.C. T.S. T.S. T.S. T.S. T.S. T.S.
T ( ° C ) 1.03 1.04 1.20 1.20 1.41 1.60
A T ( ° C ) 0 0 0 0.21 0.40
PH 8.28 8.0 7.83 8.21 8.06 7.90 8.05 8.14 8.02
A ik b 2.56 2.25 2.37 2.47 2.51 2.46 2.52 2.55 2.49
S C O , b 2.26 2.16 2.32 2.23 2.42 2.34 2.32 2.30 2.33
Sio/' 9.9 3.9 10. .2 13.0 12.7 12.1 9.8 12.3
S O 2 “ 2.73 2.70 2.73 2.75 2.73 2.70 2.54 2.40 2.59
N O , c 1.07 0.74 6.0 7.39 1.85 7.97 6.50
E e d 6.8 5.3 22.4 9.6 16.9 12.5 19.3 4.1 2.5
M n d 0.47 0.18 0.40 0.58 0.33 0.11 0.11 0.18 2.87
Cu d 0.75 0.66 0.85 1.35 1.45 1.89 2.80 0.85 1.19
M o d 0.79 1.01 1.08 0.72 0.86 0.23 1.01 1.73 0.77
B a d 1.42 0.98 1.8 0 .52 1.31 0.51 0.80 0.46 0.35

Sam ple H Y 9 H Y 10 H Y 6 H Y 3 H Y I 8 H Y 19 H Y 14 H Y 15 H Y 16

Sam pler B.C. T.C. T.C. T.C T.S. T.C. T.S. T.S, T.S.
T( ° ) 1.41 1.63 1.20 1.20 1.20 1.20 1.13 1.11
A T (° C ) 0.21 0.43 0 0 0.02 0
PH 7.74 7.92 7.82 8.30 8.20 8.01 8.15 8.16 8.01
Aik b 2.43 2.34 2.39 2.54 2.56 n.m. 2.585 2.59 2.48
S C O / 2.37 2.23 2.33 2.26 2.30 2.45 2.40 2.33
S iO / 7.7 11.2 14.7 7.1 10.2 9.8 11.9 12.6 12.7
s o l  a 2.19 2.68 2.46 2.52 2.72 2.74 2.60 2.63 2.70
N O ,“ c 0.097 3.45 5.03
Fe d 17.6 4.2 16.5 7.5 6.8 14.7 < 0.2 8.0 7.9
M n d 5.39 4.77 9.21 0.14 2.18 0.40 0.11 0.14
Cu d 5.10 0.92 1.01 4.56 2.96 n.m. 3.15 4.56 1.64
M o d 1.23 0.94 1.01 0.94 0.86 0.45 0.58 1.23
Ba d 1.12 1.79 0.79 0.86 0.76 0.75 1.17 1.39 1.82

C oncentration  scales: a 10 “ 2M; b 10 3 M; c 10 5 M; d 10 7 M.
Pb and Cd concentrations  
1.

were alway:s less than 10 * M, except H Y 9 with 3 x  IO “ 8 M. n.m. — not m easured. For sam pler, see Table

TA BL E  4

180 / u’0  and D / H  o f water sam ples (expressed in S r*c units versus SM O W  standard)

H YI 1 H Y 2 H YI H Y 5 H Y 4 H Y 7 HY8 HY3 H Y 18 H Y 14 HY15 H Y 16

S 's O 0.35 - 0 .2 4 - 0 .3 9 - 0 .3 2 0.39 0.27 -0 .3 0 - 0 .2 5 - 0 .3 0 -  0.37 0.47 0.45
S D 0.96 —1.19 -  1.31 - 0 .1 8  t 1.94 ■0.57 0.08 -0 .97 3.91 -6 .2 1 6.39 6.29

T A B L E  5

M ethane (C , ethane (C 2 ) and propane ( C ,)  concen trations in 
w ater sam ples expressed in n l/1

Sam ple H Y 4 H Y 7 HY3 H Y 14 H Y 15 H Y I 6

c , 111 72 72 60 112 82
c\ 20 < 1 5 12 18 13
C , 3 < 1 < 1 < 1 < 1 < 1

C , / ( C ,  + C ,) 5 13 5 6 6

duction area off Oregon [1], The C , / ( C 2 + C ,)  
ratios are very low. which may be indicative of: 
(1) extreme oxidation of a microbiologically pro­
duced hydrocarbon pool, mostly of methane, in 
the upper 50 m of the sedimens [6,7]; or (2) input 
from thermogenic hydrocarbons. In this case they 
should have been produced at tem peratures higher 
than 60° C. Thermogenic hydrocarbons may also
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have been partially oxidized in the upper part of 
the sediment. A mixture of both sources of hydro­
carbons is also possible.

The decrease in concentrations of sulfate found 
in several samples collected above the seafloor 
(HY4, 6. 7, 8, 9, 3, 14, 15) is also characteristic of 
the advection of pore fluids. It is difficult to 
ascribe the decrease in sulfate contents to the 
sulfate-reducing bacteria, since the variations are 
not accom panied by an increase in dissolved 
nutrients and total dissolved carbonates. In the 
area off Japan  such an expected correlation be­
tween S 0 4, nutrients and dissolved carbonates is 
found in sediments from the N ankai area collected 
during the D SD P program  [5], The decrease in 
sulfate contents can be due to a contribution of 
advected pore water in the vicinity of biological 
com m unities since similar sediments collected in 
the Tenryu Canyon (H Y I 2, 13) do not present this 
decrease of sulfate content. The decrease in sulfate 
in the open waters show that the percentage of 
advected pore fluid that was collected is at least 
5% for HY8, 14 and 15, 8% for HY3 and 4 and 
more than 10% for HY7.

T hus tem perature  anom alies and several 
anomalies of dissolved constituents point out that 
the water samples collected above biological com ­
munities (HY4, 7, 8, 14, 15) or above geological 
structure (HY3) may represent a mixture of nor­
mal oceanic seawater and advected pore waters.

In the N ankai Trough area the results obtained 
during the D SD P program  [5,7] have shown that 
diagenesis has induced only limited changes in the 
pore waters in the upper hundred meters of the 
sedim ent column. The mixing of such pore water 
with deep-sea water should therefore not be ex­
pected to yield large deviations in concentrations 
of the m ajor elements. Also, the m etabolism of the 
Calyptogena may have induced changes in the 
advected pore waters such as oxidation of light 
hydrocarbons and uptake of carbon dioxide, hy­
drogen sulfide [8], and of metals such as Fe, Mn, 
Cd, Mo [9]. Hence it is difficult to assess the exact 
end-m em ber com position of the advecting fluid.

4. Geochemical characteristics of the fluids col­
lected during Kaiko

A part from the characteristics discussed above 
the chemistry of the samples is generally not very

different from that of seawater collected at the 
sediment interface.

The alkalinity (Aik) versus total dissolved 
carbonate (S [C 0 2]) diagram, (Fig. 3) shows that 
most of the free bottom  water samples are in the 
range expected for deep Pacific Ocean water [10]. 
The expected variation ( A A lk /A 2 [C 0 2]) for 
Pacific deep waters was found for HY5 and HYI 
in the Tenryu Canyon deep-sea fan. The super­
natan t waters (HY6, 9, 10, 12, 13) also show a 
sim ilar relation characteristic of carbonate dissolu­
tion and degradation of organic m atter [10], It is 
possible that mostly carbonate dissolution is im­
portan t in samples HY2, 3, 11, 18 [10]. The Alk- 
S [C 0 2] values for the samples where advection of 
pore water and changes due to clam metabolism 
are expected do not generally follow the above 
trends. From  the A lk-£ [C 02] relation and Alk-pH 
relation it can be deduced that samples HY4, 7, 8, 
14, 15. 16, associated with biological communities 
have higher alkalinity and lower S [C 0 2] than 
expected. These may be due to advected pore 
water input and dissolved carbonate uptake by the

ICO2 I 2 4  10-3m/V9

Fig. 3. A lkalin ity  (A ik ) vs. total d issolved  carbonate ( 2 [ C 0 2]) 
diagram . T he num bers correspond to the sam ple references. 
T h e square surrounding the sam ple num ber corresponds ap- 
proxim atively to the analytical uncertainty. T he dashed lines 
correspond to  the relation ( A A lk / A S [ C 0 2 ]) =  0.93 expected  
for deep  Pacific waters (see [10]). T he low er line corresponds to  
the supernatant water sam ples. T he dotted  line corresponds to  
th e relation during carbonate dissolution .



368

clams. Samples HY15 and HY16 were collected 
exactly at the same site, with a large dilution by 
seawater for HY16 (as shown by the values of AT, 
S 0 4 and C H 4). The Aik and 2 [C 0 2] values imply 
that the advected pore water has in this case 
higher alkalinity and total dissolved carbonate. 
This is in agreement with pore waters characteris­
tics found during the D SD P [4,5]. Thus the al­
kalin ity -to tal dissolved carbonate relations show 
that the advected pore water has indeed higher 
concentrations than local seawater. However, the 
uptake of carbonate and ions (such as C a2*) for 
metabolism purpose by the clams [8.9] makes it 
difficult to deduce more accurately the properties 
of the advected pore water.

The nitrate and silica concentrations are varia­
ble and some are not in the ranges expected for 
deep-sea water [10]. Samples HY2 and 11 w'here 
the degradation of organic m atter was limited on 
the basis of the A lk -2 [C 0 2] relation have low 
nitrate and low silica concentrations; samples HYI 
and 5, where this relation is more extensive, have 
higher nitrate and silica concentration, as ex­
pected. The samples associated with the biological 
com m unities have very variable nitrate concentra­
tions and higher silica concentrations (except 
HY7). Since we have discovered that some silicate 
form ation was associated with the clam com m uni­
ties of the Tenryu Canyon it is, however, difficult 
to interpret this data (see further section). One can 
only argue that the advection of pore water should 
bring high silica concentrations, which will favor 
silicate neogenesis.

The redox potential properties of the waters 
associated with clams can be com puted from the 
two redox couples C 0 2/ C H 4 and S 0 4 “ /H S  . 
The first one gives Eh = — 0.260 V and the second 
is in the range Eh = —0.250 V to -0 .2 8 0  V. The 
N 2/ N H 4 couple cannot be assessed due to lack of 
N H 4 data. However, with N H 4 in the 10 5 M 
range and N 2 in equilibrium with the air the 
corresponding Eh should be about -  0.260 V. This 
is an indication that the N 2/ N H 4 may also be 
active in the vicinity of the clams, which would be 
in agreement with N 2 uptake by the clams [8].

The trace element geochemistry is difficult to 
decipher. Several causes may affect their con­
centrations and they are very sensitive to the 
biological activity [8,9]. Also pollution due to the 
sampling tools and to the submersible is affecting

numerous metals. We have only given the results 
for the trace metals for which this last factor is 
negligible. As expected near the sediment-water 
interface, the concentrations of iron, copper and 
manganese are much higher than in open ocean 
water. There is, however, no clear trend appearing 
for these metals. In the samples where sulfate 
depletion was observed and where hydrogen 
sulfide was produced, the iron concentrations are 
in the range expected for equilibrium with greigite 
(Fe3S4) or pyrite (FeS2) [11], In the same samples 
the concentrations of copper should be controlled 
by sulfide form ation as well. This is in agreement 
with the finding of metal sulfides on the corre­
sponding filters (see further section below).

The concentrations of molybdenum  are in the 
range expected for ocean water near the sea bot- 
tom -water interface [12], At the measured con­
centrations of hydrogen sulfide ( ^ 1 0  7 M) and 
Eh conditions discussed above, the range of 
m olybdenum  concentrations correspond to equi­
librium between M o 0 4 “ and MoS2.

Barium concentrations are in the range found 
in deep-ocean waters from near the sediment in­
terface [13], The ion activity product (I.A.P.) of 
barium  sulfate of the water samples, calculated 
with correction as given by Church [13], is quite 
variable: from 1.8 X 10“ 11 to 10.5 X 10“ " . Since 
the sulfate concentration is almost constant in the 
samples where no activity from vent organisms 
was noticed, the variations in I.A.P. correspond to 
local variations of the barium  concentration. Thus 
we find that the barium  concentrations in the free 
bottom  waters are decreasing from the northern 
Kurile waters towards the south. These points are 
illustrated in Fig. 4, in a plot of I.A.P. versus Ba. 
The afore-mentioned “ non-biological” samples are 
linearly correlated in the I.A.P.-Ba plot (Fig. 4). 
The samples where sulfate depletion was noticed 
are well off this correlation. This can be due to 
several causes discussed in the following. Their 
positions suggest that deposition of BaS04 may 
have occurred in several cases. A simple mixing 
model between local seawater and an unknown 
advected pore water can be com puted for both Ba 
and S 0 4. The com putations can be done by con­
sidering the constraints imposed on the mixing 
ratio of an advected pore water with local deep 
free water due to the decrease of sulfate, which 
lead to limiting conditions for Ba, S 0 4, and I.A.P.
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80  100 120 140 Ba (nM)2D 60

Fig. 4. Ion activity product (I .A .P .) for B a S 0 4 versus barium  
concen tration  in K aiko sam ples. T he I.A .P . scale is m ultiplied  
by IO11. T he dashed line corresponds to  the relation betw een  
the “ non -b io log ica l” sam ples (H Y I, 2. 5, 11, 12, 13, 18, 19). 
T he rectangle w ith the sam ple num ber corresponds to the  
uncertainty. T he black rectangles are th ose o f the open  ocean  
b ottom  water sam ples.

for the advected pore water end-member. The 
results of these calculations are given in Fig. 5. 
For samples HY3, 4, 6, 9 from the Tenryu Canyon, 
HY14 from the Kashim a Seamount and HY15 
from the Kurile Trench the pore water end-m em ­
ber have S 0 4 in the range 0.3-0 .6  X I O '2 M, Ba 
in the range 300-700 nM in the Tenryu and 
700-1000 nM  in the Kashim a and Kurile areas. 
The low sulfate values are in agreement with pore 
water com positions found in the DSDP samples 
from the same areas [4,5]. If we consider this 
end-m em ber it implies that the passage of the 
advected waters through the clam colonies in the 
Tenryu Canyon have led to B aS04 deposition 
(seen from samples HY7, 8). This is shown by the 
lower Ba contents in HY7 and HY8 as com pared 
to local deep waters (HY2 and HY5) and the 
com puted composition of the deep com ponent 
(Fig. 5). In sample HY10 redissolution of B aS04 
may have taken place next to the clam colonies. In 
the case of the Kurile Trench there are two possi­
bilities: (1) redissolution of barium  sulfate in the 
vicinity of the colonies (seen from H Y I6) or (2)
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Fig. 5. Ion activity product (l.A .P .) for B a S 0 4 versus barium  
concen tration  for p ossib le  advected pore water end-m em ber. 
T he num bered stars are the K aiko sam ples. SW T  is the c o n d i­
tion corresponding to the Tenryu C anyon area, SW K  is that 
corresp ondin g to the K ashim a Seam ount area, and SW K T  is 
that corresponding to the K urile Trench. T he num bered areas 
correspond to  the com pu ted  I.A .P. and Ba conditions for the 
pore w ater end-m em bers. T he dashed line corresponds to  the 
I.A .P .-B a relation for the “ non -b io log ica l” K aiko sam ples (see  
Fig. 4).

deposition of B aS04 linked to clam metabolism 
(seen in this case from HY15). Thus one should 
expect a barium  anom aly in connection with the 
biological communities. This is what we have 
found upon exam ination of the biological samples 
and the sediments [9],

A last discussed feature of the deep-water sam­
ples is their oxygen isotope and D /H  characteris­
tics (Fig. 6). We will only discuss the N ankai area 
where several samples are available. The ô180  are 
in the range expected for the Pacific deep bottom  
waters. If mixing had occurred with waters de­
rived from the upper part of the sedim entary 
column one should expect a slight shift towards 
more heavy oxygen isotope values as found during 
D SD P Leg 87 [14], In the N ankai Trough area, 
where eight samples were obtained, the shift is 
rather towards more light oxygen values which 
may reflect mixing with waters originated from 
deeper in the sediment column as expected from 
the light hydrocarbons data. A puzzling effect is 
an enrichment in deuterium  correlated with the 
decrease of 0180  (called “ N ankai area mixing 
line” in Fig. 6). Since this shift is larger in samples
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Fig. 6. 5 D - 6 1!iO  relationship in fluid sam ples (titanium  syringe). 
D ata in permil versus SM O W . T he m eteoric w ater line is given  
as well as the “ m ixing line" for the N ankai Trough sam ples. 
The area o f the rectangle for each sam ple corresponds to the 
m easurem ent uncertainties. T he sam ple num ber is given near 
the rectangle. On the 6 I80  scale “ P.D .B .W ." corresponds to 
the range for Pacific deep bottom  waters and “ D S D P 87"  to 
the range found in the upper sed im ents from  the N ankai 
Trough investigated during D S D P  Leg 87 [14).

where m ethane was in larger concentra tion  (HY4) 
this may be characteristic of the pore fluid. It may 
also be a sampling artefact, however, not explaina­
ble.

Thus, the geochemistry of the water samples 
also illustrates the input of advected pore w'aters

and  of the biological activity of  the vent c o m m u n ­
ity. Some of  the conclusions are supported  by 
authigenic minerals observed on the filters from 
the syringes and  the superna tan t  waters.

5. M inerals found on the filters

The overall results from examining the filters 
by optical microscopy, SEM  coupled energy 
analyser ( J E O L /T R A C O R )  and X-ray microdif­
fraction. are summ arized in Table 6. Most of the 
minerals  are those which can also be identified in 
the sediments [9], and  they are derived from the 
weathering of the Japanese  islands and from b io ­
logical sedimentation. Sulfides are associated with 
the samples taken directly above the biological 
com m unities  (HY4. 8, 15). The sulfides identified 
are mostly pyrite, iron sulfides with some small 
percentage of Z n  and  Cu (Fig. 7a. b), pyrrhoti te  
(Fig. 7c); a single crystal of MoS, has also been 
identified. These findings are in agreement with 
the water chemistry. In places some oxide over­
growths are found (Fig. 7d)). Calc ium carbonates 
with very different morphologies were also identi­
fied. Several correspond to spicules from co m ­
p ou n d  ascidians [15J. Ascidians were indeed iden ­
tified on the shells of clanis [8] and  upon exam ina­
tion of photographs  taken from the “ N au ti le” 
[16]. Calc ium carbonates  fram boids were also 
found (Fig. 7e). they are almost pure  calcium 
carbona te  and  a thin organic m atte r  veil is left

TA B LE 6

M inerals observed by m icroscopic exam ination o f the filters

Sample HY11 HY4 HY7 HY8 HY9 HY10 HY18 HY15 HY16

Prism atic rutile ? + + + + + + - _

Black opaques (oxides) - + - + - - - - -

Sulfides - + +  + - + - - - + -

W hite mica - - + - - + + - _
G reen or black mica - + + + - + + _ _
G reen silicates + + - - - - - + _
Q uartz fragm ents + + + + + + + + +
D iatom  (com plete o r fragm ents) + + + + + - + + +
G raphite  and graphitoids - + + + + + - ? ?
Iron  oxyhydroxides - + + + - + + + -

W hite clay mineral - — +  + +  + +  + +  + - - -

M etal fragm ents 
(from  subm arine 
o r sam pling devices)

+ + + +

-  =  absent; +  =  frequent; +  +  =  abundant; +  +  +  =  very abundant.
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Fig. 7. SHM photographs o f  particles found on the filter corresp ondin g to H Y 4. T he scale bar is given in |im  in the lower right angle  
o f  each view, (a) C luster o f sm all pyrite crystals, (b ) C ube o f pyrite covered by a Z n -F e  sulfide, (c ) Pyrrhotite crystal, (d ) Sm all 
m agnetite crystal (w ithout T i) overgrow ths partially covering a C a-F e-M g alum ino-silicate  crystal, (e) C alcium  carbonate (w ithout 
M g, M n. Fe) fram boid. (f) C alcium  carb onate crystals stacked together (traces o f Fe, M g and M n).
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upon acid dissolution. They are probably of bio­
logical origin, however, not identified. Stacks of 
calcium carbonate crystals, containing traces of 
Fe, Mg. Mn were also found (Fig. 7f). They are 
probably of inorganic origin. X-ray m icrodiffrac­
tion revealed that vaterite, calcium carbonate 
m onohydrate as well as aragonite and calcite are 
present. Calcium carbonate hydrate suggests that 
it may be derived from m ethanehydrate yielding 
C a C 0 3, 6 H 20  (ikaite) which then decomposes at 
lower pressure [17], Such unstable calcium 
carbonates have been identified in the deformed 
sediments from the N ankai Trough during DSDP 
Leg 87 [18] and in the vents off Oregon coast [1] 
and are the precursors of pseudom orphes in an­
cient subduction zones of Japan and Oregon. Thus 
the presence of calcium carbonate hydrates seems 
to be related to the advection of methane.

In the Tenryu Canyon biological vent com m un­
ity a white clay mineral with a fluffy appearance 
was also abundant. Although difficult to isolate, 
X-ray diffraction suggests that it maybe a smec­
tite. This implies the presence of silica in much 
larger concentration than in seawater and hence 
its form ation may be related to advection of pore 
water.

6. Discussion

Although the samples we have collected during 
the Kaiko legs result from a complex mixing be­
tween ambient open ocean deep-sea water and 
pore water from the sediment, there are good 
geochemical data which show that part of these 
fluids have com ponents which may have a deep 
origin. The association of the biological com m uni­
ties with these geochemical anomalies and with 
deep geological structures (from seismic data) also 
suggest a local input of chemicals and nutrients by 
fluid venting. Here we wish to discuss further the 
possibility of a deep com ponent input to surface 
sediments and to assess the characteristics of pore 
fluid migration with special emphasis on the 
N ankai Trough area where data from DSDP are 
available.

The m ethane concentrations, and the C , / ( C 2 + 
C \) ratios, of the samples raise several questions: 
(1) what is the origin of the hydrocarbons?; (2) 
what is the background concentration of methane 
in deep-sea water from subduction areas? This last

question is difficult to answer straightforwardly 
since what we thought was a background sample 
(HY3) may be associated with a structure favora­
ble to fluid venting according to the bottom  pho­
tographs and its sulfate depletion. M ethane con­
centration in the same range as HY3 (50-70 nl/1) 
were found in water samples taken several miles 
from the subduction of the Oregon margin [1], It 
is possible that background concentration in sub­
duction area are several times larger than the 
expected 10 nl/1. In HY3 the C , / ( C 2 + C 3) ratio 
is very low and suggests that the hydrocarbon 
concentrations are influenced by thermogenic 
m ethane input [19]. The concentration of light 
hydrocarbons introduced by advection of pore 
fluid may, however, have been reduced by oxida­
tion in the upper part of the sediment column 
[8,20], With the help of the constraint due to 
sulfate depletions, the m ethane concentration that 
can be deduced for the advected com ponent in 
HY3 is about 600 nl/1, reflecting the low con­
centration due to oxidation. In the pore waters of 
sedim ents where advection of thermogenic hydro­
carbons was found, however, not from the Oregon 
margin, concentrations in the range 10 100 x  IO1 
nl/1  were obtained [10], In the deep-water samples 
clearly associated with biological activity (HY4. 7. 
14, 15, 16) the m ethane concentrations are in the 
range of HY3 or larger. One should expect this 
since dilution of advected fluid and increase of 
consum ption of light hydrocarbons have in­
fluenced this factor. The C l/ ( C 2 + C 3) ratio is 
even lower than in HY3, showing clearly the input 
of a thermogenic com ponent. If HY3 represents a 
background sample for the hydrocarbons we can 
solve a simple mixing model with an advected 
end-m em ber for C j, C2 and C 3. In the case of 
HY4, 15, 16, the corresponding advected end- 
member should be C , = 4 0 0  nl/1  and C , / ( C 2 + 
C 3) = 2. These low concentrations are due to the 
oxidation of the light hydrocarbons. If we take the 
pore water value of C, = 10-100 X IO3 nl/1, the 
am ount oxidized is larger than 95-99.5% of the 
hydrocarbons.

Part of the m ethane encountered in the Kaiko 
sample can be derived from biogenic activity. 
However, in this case it is difficult to explain the 
C 2 and C 3 concentrations. The presence of ther­
mogenic hydrocarbons in the samples should 
rather be used as an argument related to the
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plum bing of the advection of pore water. Since the 
clam colonies are located above thrusting struc­
ture, the thermogenic hydrocarbons are evidence 
for the deep penetration of these structures.

The light hydrocarbons are most probably of 
thermogenic origin. The biochemical studies have 
shown that the isotopic com position of the 
m ethane should be 013C =  —50 to — 30%o which 
is also characteristic of thermogenic m ethane [8], 
Thermogenic hydrocarbons are produced at tem­
peratures higher than 5 0 -6 0 °  C. The thermal 
gradient found in the Japan  Trench is in the range 
of 1 5 -3 6 ° C /k m  [21,22]. This yields depths in the 
range 1 .5-3 km for the generation of the light 
hydrocarbons. This depth range com pares favor­
ably with that deduced from the m ethane/e thane  
ratio versus depth diagram  obtained during DSDP 
Hole 440. According to that, the location of the 
source of thermogenic hydrocarbons should be 
around 2.5 km [3], It is also in the same depth 
range as the vertical projection of the thrust faults 
found in the N ankai accretionary prism [23], and 
for dewatering in accretionary prism  [24].

The processes of migration of water through 
the prism during dewatering are not well known. 
The location of vents in close association with 
structure related to thrust faults as at the base of 
the Tenryu Canyon deep-sea fan suggests it occurs 
as shear dewatering, i.e. due to fracture perm eabil­
ity. The location of vents where erosional features 
allow the thrust faults to reach the sedim ent-water 
interface also suggests that the advection can be 
easily stopped or diverted if buried under sedi­
m ent slump.

A simple modelization of the rate of advection 
of the fluid using a two-dimension steady-state 
model has been attem pted [25]. It was found that 
it is not possible to sustain steady-state advection 
and that the rate of advection should be at least 
5000 c m /y r  [25], In this case the tem perature 
anomalies observed can be obtained if cooling of 
the expelled fluid is effected by a lateral flux of 
seawater through the sediment near the vent loca­
tion [9,25]. The geochemical anomalies, such as 
sulfate depletions, are also difficult to explain if 
we have low advection rates. The flux in the 
subduction areas off Japan is probably non-stable. 
This is in contrast with the stable steady-state 
fluxes com puted from the geochemical anomalies 
obtained off the coast of Oregon [26] and the

corresponding low rates of the pore fluid (1 -10  
c m /y r)  for the case of Oregon [26]. Similar low 
rates have also been obtained to explain the ther­
mal behavior of the subduction in the northern 
Japan  Trench [27].

The case of fluid venting in the Tenryu Canyon 
area is well docum ented and geological as well 
geochemical characteristics can be com pared with 
similar occurrences in the Oregon margin. The 
finding of fluid venting and biological com m uni­
ties associated with a thrust in the Kashim a area 
(HY14) and in the Japan  Trench [29] can be 
similarly understood. The possible occurrence of 
fluid venting in the Zenisu Basin (HY3) and the 
Kurile Trench scarp (HY15, 16) is more difficult 
to understand. In the case of the Zenisu Basin 
advection of fluid is suggested by the sulfate de­
pletion and the low C , / ( C 2 + C 3) ratio. The 
Seabeam data, the seismic data and the possibility 
of a thrust structure in the Zenisu Basin [28], 
correspond to compressive stresses which are 
favorable for fluid expulsion. A small clam colony 
at the apex of a fold above a thrust fault at the 
southernm ost deform ation front of the Zenisu area 
[28] may be related to this interpretation. In the 
Kurile area, the tem perature and geochemical 
anomalies as well as the presence of clam colonies 
make a clear cut case for active venting. The 
geological setting, however, of the structure which 
would allow such venting is less clear. We can 
note that the deep biological communities were 
aligned along N 330° which is along the major 
structural direction of the southwest inner wall of 
the Kurile Trench. The characteristics of the fluid 
venting suggest that this structure must have 
penetrated deeply.

7. Conclusions

The deep waters sampled above biological com ­
munities in the N ankai Trough and the Japan 
Trench areas can be related to fluid venting in 
connection with the geological setting which would 
favor advection of the fluids yielded by dewater­
ing. In the upward path these fluids are enriched 
with molecules and elements of deep sedimentary 
origin: light hydrocarbons, trace metals. Hydrogen 
sulfide is also probably brought in the upper part 
of the sediment as shown by the dissolved sulfate 
depletion and the presence of metal sulfides in the
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samples. Hydrogen sulfide is utilized by bacteria 
associated with the gills of the clams from the 
biological communities [8]. Geochemical and bio­
geochemical data also show that part of the 
m ethane is also utilized for nutrient requirements. 
The fluid sample compositions result from the 
mixture of these different processes and sources. 
The light hydrocarbon data suggest the depth 
scale of the fluid circulation: 1.5-3 km for the 
N ankai area. A model of fluid circulation suggests 
a non-steady-state advection rate of at least 5000 
c m /y r. The relation of the fluid vents to overpres­
sure along the thrusting plane in the Nankai 
Trough and the deep origin of some of the fluid 
com ponents give a good base for the use of the 
electro kinetic properties of the venting fluids for 
prevision of earthquake in this area [30].

The results obtained in this geochemical study 
have also im portant implications concerning the 
budget of elements in the ocean. For instance, the 
budget of m ethane and light hydrocarbons will 
probably have to be reassessed. Thus the quantita­
tive im portance of the preliminary results pre­
sented here will only be possible when a more 
complete overview of the im portance of fluid vent­
ing in subduction areas will be obtained.

Acknowledgements

We acknowledge the invaluable assistance of 
the “ N autile” group and the help of R /V  “ N adir” 
crew members. We thank the Kaiko Planning 
Com m ittee for giving access to shipboard sam­
pling and H. Bougault, L. Floury, C. Levèque and 
M. Sibuet, all from IFREM ER, for help with 
instrum entation. Part of the analytical study was 
done by Dr. A.M. de Kersabiec and F. Vidot. This 
study was partly supported by grants from 
P IR O C E A N /C N R S  and IFR EM ER . We thank 
Dr. E. Suess for very helpful discussion on fluids 
in subduction areas.

References

1 L. D. Kuim . F.. Suess, J.C. M oore. B.T. Lewis, S .D . Ritger. 
D  C. K adko, T .M . Thornburg, R.W . bm blev. W .D . Rugh. 
G.J. M assoth. M .G . Langseth. G .R . Cochrane and R.L  
Scam m an. O regon subduction  zone: venting, fauna and 
carbonates. Science 231, 5 6 1 -5 6 6 . 1986.

2 F.. Suess. B. Carson. S.D . Ritger. J.C. M oore. M.J. Jones. 
L .D  Kuim and G .R . Cochrane. B iological com m unities at

vent sites a long the subduction  zone o ff  O regon, Biol. Soc. 
W ash. Bull. 6. 4 7 5 -4 8 4 . 1986.

3 J.K . W helan and S. Sato. C , - C 5 hydrocarbons from core  
gas pockets. D eep Sea D rilling Project Legs 56 and 57. 
Japan Trench transect, in: Initial R eports o f the D eep  iÿea 
D rilling Project 57, pp. 133 5 -1 3 4 7 . U .S . G overnm ent Print­
ing O ffice. W ashington D .C .. 1980.

4  G .W . M oore and J.M . G ieskes. Interaction betw een sed i­
m ent and interstitial water near Japan Trench, Leg 57, 
D eep  Sea D rilling  Project, in: Initial R eports o f the D eep  
Sea D rilling Project 57, p. 126 9 -1 2 7 5 . U .S. G overnm ent 
Printing O ffice. W ashington D .C .. 1980.

5 H. K awahata. K. Fujioka and T. Ishikuza, Sedim ents and 
interstitial water at Site 582 and 584. the N ankai Trough  
and Japan Trench landward slope, in: Initial R eports o f the 
D eep  Sea D rilling Project 87, pp. 8 6 5 -8 7 5 , U .S . G overn­
m ent Printing O ffice. W ashington. D  C.. 1986.

6 M. Schoell, R ecent advances in petroleum  iso top e geoch em ­
istry. Org. G eochem . 6, 645 -663. 1984.

7 G .E . C laypool. A .K . V uletich and K .A . K venvolden. Iso ­
topic com position  o f  interstitial flu ids in sedim ent o f the 
Nankai Trough, D eep  Sea D rilling Project Leg 87. in: 
Initial R eports o f the D eep  Sea D rilling Project 87. pp. 
8 5 7 -8 6 0 . U .S. G overnm ent Printing O ffice. W ashington  
D C .. 1986.

8 J. Boulègue, b .L . B en ed en i, D . D ron, A . M arioni and R. 
Létolle. G eochem ical and b iogeochem ical observations on  
the bio logical com m u nities associated  w ith fluid venting in 
the N ankai T rough and Japan Trench subduction  zones, 
Farth Planet. Sei. Lett. 83. 3 4 3 -3 5 5 . 1983 (this issue).

9 D  Dron. J. Boulègue. A. Taira and C. R angin . G eoch em ­
istry o f the Tenryu C anyon deep-sea fan bio logical com ­
m unity (K aiko), Earth Planet. Sei. Lett. 83. 3 5 6 -3 6 2 . 1983 
(this issue).

10 W .S. Broecker and T .H . Peng, Tracers in the Sea. 690 pp. 
Hldigio Press. N ew  York. N  Y .. 1980.

11 J. B oulègue. Trace m etals (F e, Cu. Zn. Cd) in anoxjc  
environm ents, in: Trace M etals in Sea W ater, N A T O  C onf. 
Ser., Mar. Sei., pp. 5 6 3 -5 7 7 , Plenum  Press. N ew  York, 
N Y ..  1983.

12 K .K . Bertine. T he deposition  o f m olybdenum  in anoxic  
waters. Mar. Chem . 1. 4 3 -5 3 , 1973.

13 T.M . Church. M arine Barite. 100 pp, Ph.D . Thesis. U n iver­
sity o f  C alifornia at San D iego, 1970.

14 Y. M atsuhisa and R. M atsum olo. O xygen iso top e ratios o f  
interstitial waters from the N ankai Trough and the Japan  
Trench. Leg 87, in: Initial Reports o f  the D eep Sea D rilling  
Project 57, pp. 8 5 3 -8 5 6 . U .S. G overnm ent Printing O ffiee. 
W ashington D  C.. 1986.

15 B. Kniprath and F. Lafargue, Spicule form ation in the 
D idem nidae, in: T he M echanism  o f B iom ineralization in 
A nim als and Plants, M. O m ori and N . W atabe. eds.. Tokai 
U niversity Press. T okyo. 1980.

16 L. I.aubier and S. O hta. D eep b iological com m unities in the 
subduction  zone o f  Japan from  bottom  photographs taken  
during "N autile"  dives in the K aiko project. Earth Planet. 
Sei. Lett. 83. 3 2 9 -3 4 2 . 1987 (this issue).

17 b. Suess. W Balzer, K .F. H esse. P.J. M uller. C .A . U ngerer  
and G. W efer. C alcium  carbonate hexahydrate from organic  
rich sedim ents o f the A ntarctic shelf: precursors o f  
glendonites. Science 216. 112 8 -1 1 3 1 . 1984.



375

18 C .L . Stein and A.J. Sm ith, A uth igen ic  carbonate nod ules in 
the N ankai T rough, Site 583, in: Initial R eports o f  the 
D eep  Sea D rilling  Project 87, pp. 6 5 9 -6 6 6 , U .S . G overn ­
m ent Printing O ffice, W ashington D .C ., 1986.

19 M .J. W hiticar, E. Suess and H. W chner, T herm ogen ic hy­
drocarbons in surface sed im ents o f  the Bransfield strait, 
A ntarctica Peninsula, N ature 314, 8 7 -9 0 , 1985.

20 R .Y . Stanier, M. D o u d o ro ff and E .A . A delberg, G eneral 
M icrob iology, M acM illan , L ondon , 1971.

21 Shipboard Scientific  Party, Sites 438 and 439: Japan D eep  
Sea Terrace, Leg 57, in: Initial R eports o f the D eep  Sea  
D rilling  Project 5 6 /5 7  pp. 2 3 -1 9 1 . U .S . G overnm ent Print­
ing O ffice, W ashington D  C .. 1980.

22 Shipboard Scientific  Party. S ites 440: Japan Trench m id ­
slope Terrace. Leg 57, in: Initial R eports o f  the D eep  Sea  
D rilling  Project 5 6 /5 7 ,  pp. 2 2 5 -3 1 7 . U .S . G overnm ent 
Printing O ffice, W ashington  D .C ., 1980.

23 C.J. Bray and D  E. Karig, Porosity o f sed im ents in accre­
tionary prism s and som e im p lications for dew atering  
processes. J. G eophys. Res. 90, 7 6 8 -7 7 8 , 1985.

24  T .H . Sh ip ley and G .F . M oore, Sedim ent accretion , su b d u c­
tion  and dew atering at the base o f  the trench slope o ff  
C osta  R ica a seism ic reflection view  o f the décollem ent. J. 
G eophys. Res. 91, 2 0 1 9 -2 0 2 8 . 1986.

25 X . Le Pichón, S. Lallem ant and S. L allem and, T ecton ic  
con text o f  fluid ventin g  a long Japanese trenches, Abstr., 
Int. K aiko C onf. on Subduction  Z ones, N ovem ber 1 0 -1 5 , 
T ok yo  1986, 2 - 1 ,  p. 24.

26 M .W . H an and E. Suess, C hem ical evidence o f  pore venting  
in the O regon subduction  zone, EOS 57, 1219, 1986.

27 B .H . Reck, E ffect o f w ater flow  from  dew atering subducted  
sed im ents on  therm al gradients in the N ortheast Japan  
accretionary prism , EOS 67, 379, 1986.

28 X. Le P ichón, T. Iiyam am a, J. B oulègue, J. Charvet, M. 
Faure, K. K ano, S. Lallem ant, H. O kada, C. R angin . A. 
Taira, T. U rabe and S. U yeda, N ankai Trough and Zenisu  
Ridge: a deep-sea  subm ersible survey. Earthy Planet. Sei. 
Lett. 83. 2 8 5 -2 9 9 , 1987 (th is issue).

29 J.P. C adet, K. K obayashi, J. A ubou in , J. Boulègue, J. 
D u bois, H. H otta , T . Ishii, L. Jolivet, K. K onishi. S. 
L allem and, N . N iitsu m a and H. Shim am ura. D eep  scien­
tific  dives in Japan and Kuril T renches, Earth Planet. Sei. 
83, 3 1 3 -3 2 8 , 1987 (th is issue).

30 J. B oulègue, X. Le Pichón and T. Iiyam a, Prévision des 
trem blem ents de terre dan s la région de T okai (Japon), 
C .R . A cad. Sei. Paris, Ser. II 301 1 2 1 7 -1 2 1 9 , 1985.


