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A B S T R A C T  

During the Kaiko-Nankai detailed submersible survey, numerous  measurements  of the temperature  gradient inside the 
sediment  were performed on the deepest  active zone of fluid venting, which is situated on the anticline related to the frontal 
thrust,  using the Ifremer T-Naut  temperature  probe operated from the submersible Nautile. We thus obtained the 
temperature  structure below different types of  clam colonies associated with fluid venting. We used the finite element  
method to model the thermal  structure and fluid flow pat tern of these vents and to determine the velocity of upward fluid 
flow through the colonies. On  a biological basis, four types of clam colonies are defined. Each biological type has distinctive 
thermal  characteristics and corresponds to a particular fluid flow pattern. Darcian flow velocity in the most  active type of 
colony (type A) is of  the order of  100 m / a .  The total amount  of fluid flowing through colonies in the studied area is 
est imated to be 200 m 3 a -  1 per metre width of subduction zone. Most  of  the flow is vented through type A colonies. This 
value is more than one order of magni tude too high to be compatible with the amount  of water available from steady-state 
compaction of sediments  in the whole wedge. Thermal  arguments  suggest that downwelling of seawater occurs around type 
A colonies and that seawater is then mixed with upcoming fluids at a depth of 1 or 2 metres.  Fur thermore,  finite element  
modeling shows that a salinity difference of a few parts per mil between the upcoming fluids and seawater is sufficient to 
drive convection around the colonies. As water samples from a few vents indicate that the fluid source should actually be 
significantly less saline than seawater, we propose that the very high fluid flows measured  are a consequence of the dilution 
of the fluid of deep origin with seawater by a factor of 5 to 10. 

I. Introduction 

Fluid seeps associated with chemosynthetic bi- 
ological communities and carbonate concretions 
have been observed during submersible explo- 
ration of several accretionary wedges. Such vents 
were found first on the Oregon wedge [1], then 
on the Nankai wedge during the 1985 Kaiko 
cruise [2], on mud volcanoes situated seaward of 
the Barbados wedge [3], and on the southern part 
of this wedge [4]. Crude temperature measure- 
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ments inside colonies in Tenryu Canyon on 
Nankai wedge indicated that upward fluid flow 
velocities are probably of the order of 100 m / a  
[5]. At Oregon venting sites direct flow measure- 
ments and indirect measurements from concen- 
tration of chemical tracers gave velocity values 
close to 100 m / a  [6]. Fluid flow velocity in seeps 
below colonies can be determined from measure- 
ments of temperature at shallow depth within the 
sediment and the percentage of surface covered 
by biological communities can be estimated from 
submersible observations. Combining these two 
observations provides a lower bound to the water 
flux out of the toe of the accretionary wedge. The 
contributions of other types of vents, like carbon- 
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ate chimneys, and of widespread venting through 
intergranular permeabili ty have to be estimated 
using a different method. 

Two different instruments, both built by Ifre- 
mer, have been used for shallow tempera ture  
measurements .  One is a long-term observatory, 
the O T  6000. Its purpose is to monitor variations 
of fluid flow through time in a clam colony. This 
instrument was deployed during the cruise at a 
site where the rate of upward flow was too low to 
affect the tempera ture  profile. The response of 
the sediment to variations of the seawater tem- 
perature  was shown to be compatible with sedi- 
ment  conductivities in the usual range for subsur- 
face sediment (of the order  of  1 W m -  ~ K -  1) [7]. 
Then the instrument was placed for a two-month 
period over an active vent. Although significant 
variations of  fluid flow were recorded during this 
period, the vent showed no abrupt  change in flow 
regime, and appeared  to be fluctuating about a 
thermal steady state [7]. This makes it possible to 
estimate the fluid flow velocity from instanta- 
neous tempera ture  measurements ,  as in this study. 

The other instrument, the T-Naut,  is operated 
from the submersible and is used to make repeti- 
tive measurements  in and outside seeps. Four 
types of colonies have been defined on a biologi- 
cal basis [8]. Each type appears  to have a charac- 
teristic thermal signature. Finite element model- 
ing is used to estimate fluid flow velocity for each 
type. These results combined with a statistical 
survey of the surface covered by clams [7] give a 
total fluid flux value which is too high to be 
compatible with the measured background ther- 
mal gradient, implying that fluids seeping in clam 
colonies are diluted with seawater at a ratio of 
about 5 to 10. This result has prompted us to 
investigate the possibility of free convection in 
and around the colonies. 

2. T - N a u t  probe  m e a s u r e m e n t s  

Tempera ture  is measured with thermistors at 
depths of 19, 29 and 49 cm into the sediment. In 
order to check consistency, two probes are set at 
the 49 cm depth. The average temperature  differ- 

TABLE 1 

List of physical parameters 

k permeability see figures 5 and 8 
water viscosity 10-3 Pa s 

g gravity 10 m s -2 
s sa l im~ sea w a t t .  35%o 
Pw fluid density sea water: 1027 kg m -3 at O°C 
Cw fluid heat capacity 3990 J kg -1 
pg grain density 2700 kg m -3 
cg grain heat capacity 800 J kg "I 

q~ porosity 60 to 70% 
pc sediment volmnctric heat capacity 

pc = q)(pc)w + (1-qu)(pc)g 3.3 to 3.5 10 6 J m-3 

sediment thermal diffusivity measured, s ~  [7] 
2.45:.6 x 10-7 < t: < 3.1:t: 0.75 x 10-7 m2 s -1 

A sediment conductivity about 1 W m -t K d 
A = ~¢.pc 0.7 < A < 1.25 Wm' l  K d 

D thermal diffusivity for fluid advcction 
D = A/pwcw 2.5 10. 7 m 2 s "1 = 7.88 m 2 a -1 

Dc diffusivity of  salt in water about 10 .9 m 2 s -I 

13 dispcrsivity 10 cm 



F L U I D  F L O W  IN C L A M  C O L O N I E S  357 

ence between these two probes indicate that the 
relative precision of measurements is of the order  
of 2 mK. The absolute value of the temperature 
is of course not known with the same accuracy. 
An additional probe measures the temperature of 
seawater. A relative calibration is made before 
each station and, after penetration, thermistors 
are kept in the sediment for 10 minutes to allow 
relaxation of frictional heating. Equilibrium tem- 
perature is extrapolated assuming a 1/t  decay. 

2.1. Correction of bottom-water temperature 
variations 
Fluctuations in the bottom-water temperature 

perturbate the T-Naut measurements. For exam- 
ple, data collected at Site 2 at the 2000 m depth 
are impossible to use because temperature varia- 
tions at the bottom water are of the order of 1°C. 
At Site 1, at the 3800 m depth, these variations 
are only about 10 mK and the data are usable. 
One can only hope to correct approximately the 
measurements from these fluctuations, as a tem- 
perature recording (from the OT 6000) is avail- 
able only for dives 8 and 12 [7] and as water 
temperature also varies with the location (as ob- 
served during dive 12 and 21). 

Consider the way cold or hot fronts modify the 
temperature inside the sediment at a site where 
there is no fluid advection. 

5 T ( z , t ) = ~ T o  erfc(4--~Kt) (1) 

is the variation of temperature at time t and 
depth z if a sudden variation 6T o in water tem- 
perature occurs at time t = 0. K is the thermal 
diffusivity of the sediment (K = A/pc),  and is 
taken to be equal to 9 m 2 a-1 (see Table 1 and 
[7]). Figure 1 shows the disturbance of the tem- 
perature profile due to such a sudden change in 
bottom-water temperature.  Less than 6 hours 
later, temperatures measured by probes within 
the sediment (at 19, 29 and 49 cm) are still 
unaffected, resulting in an offset between the 
temperature profile which remains linear and the 
measured bottom-water temperature.  This phe- 
nomenon most probably explains a 13 mK offset 
observed during dive 4 (see Fig. la). Four days 
later, the temperature profile is again linear, but 
the value of the gradient is still slightly different 
(see Fig. lb). Dive 8 took place four days after 
dive 4, and Fig. la shows that the temperature 
within the first 50 cm of sediment had time to 
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Fig. 1. Dif fus ion  into the  s e d i m e n t  of a sudden  change  of  s e a w a t e r  t empe ra tu r e ,  a. Reference measurements. The  shift  be tween  the 
conduc t ive  prof i le  wi th in  the  s e d i m e n t  and  the s e a w a t e r  t e m p e r a t u r e  obse rved  dur ing  dive 4 d i s a p p e a r e d  by the  t ime  of  dive 8, 
which took  p lace  4 days later ,  b. Diffusion model. Theore t i ca l  r e laxa t ion  of  a 10 m K  d e c r e a s e  in surface  t e m p e r a t u r e  at  t ime  t = 4 
h, t = 1 day, t = 4 days and  t = 2 weeks  wi th  t he rma l  diffusivity K = 9 m 2 a -  1 (2.9 x 10 -6  m 2 a -  l). T e m p e r a t u r e  prof i le  r e tu rns  to 

l inear i ty  at t = 4 days. 
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TABLE 2 

Gradient measurements 

PIERRE HENRY ET AL 

Dive N °, 
Measure 

4-1 
2 

9 
10 

12 
13 

8-1 
2 
3 
4 

10 

12-1 
2 
3 
4 
5 

12 

20-1 
3 
4 

21-1 

Average 
gradient 
(inK/m) 

59"2:1 
56£-0 

61±1 

62:1:1 

9(b2_4 
105±7 
83+_2 
67±3 

73±4 
74±3 

52±4 
76±3 

56±4 
30"2:3 
57±4 
56±8 

65±7 
56±7 

30-L-9 

60"2_4 
75±8 

71±14 

23_+_20 
21+11 
21+8 
37+_2 
52±6 

71±10 
57±1 

84±3 
69±3 

75±18 

84+12 
23+7 
19+7 

535:7 

49+3 

Extrapolated 
surface T 

(°c) 

1.558!-0.000 

1.563_+0.001 

1.560-20.000 

1.567_+0.002 
1.566£-0.003 
1.562±0.001 
1.560±0.001 

1.565_+0.002 
1.561_+0.001 

1.587_+0.001 
1.559_+0.001 

1.555_+0.001 
1.575_+0.001 
1.559_+0.002 
1.558_+0.003 

1.555_+0.003 
1.558_+0.003 

1.572_+0.004 

1.552_+0.001 
1.551_+0.002 

1.559_+0.005 

1.608_+0.008 
1.609_+0.004 
1.610-£-0.003 
1.559±0.001 
1.558_+0.002 

1.570~.004 
1.553_-/-0.000 

1.555-+0.001 
1.552_+0.001 

1.561-+0.007 

1.604_+0.003 
1.567±0.002 
1.572_+0.003 

1.558_+0.003 

Type of 
Profile 

Line2ff 
Linear 

Linear 

Linear 

Lineal" 
Sub-Lin 
Linear 
Linear 

Line, a t  
Sub-Lin 

Lineal" 
Linear 

Lineal" 
Sub-Lin 
Linear 
Linear 

Sub-Lin 
Sub-Lin 

Curved 

Lineal" 
Sub-Lin 

Odd 

Curved 
Curved 
Curved 
Linear 
Linear 

2 probes 
L i n ~  

Lineal" 
Linear 

Odd 

Curved 
Odd 
Odd 

Sub-fin 

1.592£~0.001 Sub-lin 

Distance 
to colony 

(m) 

F 
F 

0.1 
0 

0.5 
1 

0 
0.5 

F 
F 

F 

0 
1.5 
1.5 

F? 

Comments 

Reference 
Reference, Tseawater= 1.547°C 

Type E colony 

White patch & C colony 

in a single E colony, 
50 cm apart 

in 2 type E colonies, 
2 m apart 

Type A colony 

Type B colony 

2 m from 8-6 

Type E colony 

Type B colony 

Reference, Tseawater =1.552°C 
Reference 

White patch & C colony 

Type A colony 

Tseawater = 1. 5490C 

Type A colony 

tOO far north 
Reference, Tseawater =1.549°C 

near Puppi site 3 

Type A, ~ w a m r  = 1.5600C 
both measurements 
during one station 

Reference for OT6000-2 

Type A, ~mawater = 1.556°C 

Underlined values are used as reference seafloor temperatures in thermal models 
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equilibrate with the new bottom-water tempera- 
ture. 

This argument leads us to consider that the 
mean seafloor temperature to be used in the 
computations can be estimated by extrapolating 
to the seafloor temperature profiles in the sedi- 
ment which are not affected by fluid flow. When 
possible, a reference seafloor temperature is eval- 
uated by this method. If this is not possible, we 
use the measured seawater temperature.  Corre- 
sponding values are underlined in Table 2. 

2.2. First estimate of the upward velocity of 
fluid within clam colonies 
In order to obtain a first estimate of the up- 

ward water flow inside clam colonies, a one-di- 
mensional steady-state model is used, assuming 
uniform advection of fluid in a uniform half-space 
(constant thermal diffusivity). The assumption 
that no heat is lost through the sides of the 
conduit which brings the fluid to the colony is 
implied. This is acceptable if temperature mea- 
surements are made to a depth that is small with 
respect to the diameter of the colony. As this is 
not the case (measurements are at the depths of 
20, 30 and 50 cm whereas colonies are typically 

50 cm to 2 m in diameter) the amount of fluid 
flowing through the colony is underestimated. 

The steady-state temperature profile predicted 
using this one-dimensional model is exponential: 

T ( z ) = T 0 + ( T ~ - T 0 ) - [ 1 - e x p ( - - ~ )  ] (2) 

where U o is the Darcy velocity and D = A / ( p c )  w 
is the thermal diffusivity relative to fluid flow. D 
is taken equal to 2.5 × 10 -7 m 2 s -~ (see Table 1). 

T O is the temperature at the surface of the 
sediment. T O actually varies with time. As already 
discussed, a reasonable correction of these varia- 
tions can be made by taking T O equal to the 
reference temperature at the surface given in 
Table 2. This correction enables us to assume 
that the system was in thermal steady-state. How- 
ever, estimates of U o from data depend signifi- 
cantly on the choice of T O when Uo is small. 
Thus only Darcy velocities greater than 10 m / a  
can be reasonably estimated. The model has been 
applied only to colonies where a significant tem- 
perature increase was observed. Darcian flow ve- 
locity values obtained from a mean square best fit 
of the data by eq. (3) are given in Table 3. 

T A B L E  3 

Da rc i an  flow veloci ty  ins ide  the colonies  wi th  diffusivity D = 2.5 10 -7  m e s - l  

Colony 
type Dive Measurement 

A 
A 
A 
A 
A 
B 
B 
C 
C 
E 
E 
E 
E 

4 12 
12 1,2,3 
12 6 
20 1 
21 2 
8 2 
8 7 
4 4 
8 10 
4 3 
4 5,6 
4 9,10 
8 6 

UD ( m / a )  
1-D model [ 

85 
19 
86 

54 
58 

b'F_aM 

70 
150 

110 
70 
70 
70 

30 
<15 

H y p h e n  ind ica tes  not  enough  flow to mode l  by this  m e t h o d  
* U n u s a b l e  da ta  

Conduit 
length (m) 

1.1 
1.1 

2 
1.1 
0.6 
0.6 

>10 
>2 
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3. Classification of clam colonies 

3.1. Biological classification 
Several types of colonies have been defined 

[8], based on clam size and density of individuals 
in the colony. Scattered clam populations (less 
than 10 individuals/m 2) are not considered sig- 
nificant indicators of fluid venting, as clams are 

able to travel for some distance (note the tracks 
they leave on the surface of the sediment). Defi- 
nition of the colony types is as follows: 

Type A: Large colonies (up to 2 m in diameter), 
composed of small (5 cm long or less), medium 
(about 10 cm long) and often large clams (15-25 
cm long). Very dense (1000 ind./m z) with strong 
bioturbation (mud surface is black). 

A 
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Fig. 2. Plot of extrapolated surface temperature T O (see section 3.2 for definition) versus average gradient between 20 and 50 cm in 
the sediment. All the thermal measurements made in zone 1 are plotted, but dubious data are shown in parentheses. (a) 
Measurements are classified by dive number. Grouped measurements are marked: measurements made inside the clam colony are 
circled and linked with bold lines to those made in its immediate surroundings (within 2 m). Note that many measurements are 
isolated. (b) Measurements are classified by site type. Most of the measurements made outside clam colonies cluster around a 
gradient of 60 m K / m  and a T O of 1.55-1.56°C. Measurements in type E colonies show a continuous trend (symbolized by the 
arrow) from normal to high gradients; type A colonies have high T O (7" 0 > 1.58°C), which is characteristic of high-velocity upward 

fluid flow; T O in surveyed type B colonies is slightly lower, at about 1.57°C, and the gradient is very low (30 mK/m) .  
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Type B: Small colonies (less than 50 cm diame- 
ter) of medium-sized half-buried clams; medium 
density (50-100 ind./m2).  

Type C: Colonies composed exclusively of big, 
half-buried clams at low density (30 ind./m2).  
These are usually found around "white patches", 
which are characterized by a very high content of 
hydrogen sulphide and by CaCO 3 saturation [9]. 
These patches are probably bacterial mats. 

Type E: Dense colonies of small clams (200 
ind./m2).  These colonies are usually small (less 
than 50 cm in diameter). Unlike the other types 
of colonies, bivalve species in type E colonies are 
not of the genus Calyptogena, but belong to other 
members of the Vesicomidae family. 

3.2. Thermal trends 
Table 2 lists all the thermal measurements 

made in the deepest  studied area. Thermal gradi- 
ent values are given by linear regression of the 
temperature measurements inside the' sediment. 
The bottom-water temperature is not taken into 
account. The extrapolation of the linear regres- 
sion to the seafloor (T 0) is usually different from 
the bottom-water temperature (see Table 2). As 
discussed in section 2.1, the values of T O com- 
puted from measurements made outside clam 
colonies give a bet ter  estimate of the mean tem- 
perature at the surface and are used as a refer- 
ence. For measurements made in active vents, an 
increase of the extrapolated temperature T O above 
this reference results from the curvature of the 
gradient in the first 20 cm, and is thus indicative 
of the velocity of fluid flow. 

Tempera tu re -dep th  profiles fall into four dif- 
ferent types. Linear profiles are straight lines 
within the accuracy of measurements. Sublinear 
gradients have a significant but slight nonlinear- 
ity. Their  interpretation in terms of water advec- 
tion is not systematic. The exact boundary be- 
tween these two is a matter  for discussion. The 
profiles classified as curved have an obvious up- 
ward oriented convexity and anomalously high 
temperatures. They are interpreted as indicative 
of fluid advection. Finally, profiles categorized as 
odd have nonlinear z-shaped gradients. Their  in- 
terpretation is difficult in terms of vertical up- 
ward or downward movement of fluid as well as 
in terms of conductive transient states. 

In Table 2, measurements made inside a colony 
and in its immediate surroundings are grouped 
(see also Fig. 2a). The distance to the edge of the 
colony is given but, as this distance was actually 
measured only during dive 12, it is not usually 
known accurately. Models presented in the fol- 
lowing section indicate that the thermal distur- 
bance fades rapidly away from a colony and that 
measurements made more than 2 m away should 
not be perturbed. Measurements made far from 
colonies (F  in Table 2) are made at least 10 m 
from the nearest active site. They were used as 
references, providing estimates of the background 
conductive gradient. Those made during dives 4 
and 8 (see Fig. la) are close enough to the 
studied colonies to be used for this purpose, but 
measurement 12-8 (84 m K / m )  is too far north 
and may be biased by variations in the regional 
gradient. Furthermore,  extrapolated surface tem- 
peratures indicate that recent variations in bot- 
tom-water temperature seem to have been differ- 
ent at the dive 12 reference sites from those near 
the colony studied during this dive (measure- 
ments 12-1 to 12-5). 

The background thermal gradient varies be- 
tween 53 and 75 m K / m  in the active area, 60 
m K / m  being the average value. Outside clams 
colonies, the extrapolated surface temperature 
(T 0) varies between 1.55 and 1.56°C, depending 
on the dive and on the location: T O tends to be 
slightly higher for measurements made near 
colonies than for reference measurements. How- 
ever, both types of measurement define one sin- 
gle dense cluster (see Fig. 2b). Various processes 
can account for local variations of gradient. We 
have already discussed the role of the fluctua- 
tions of bottom-water temperature. Topograpic 
disturbance and sediment conductivity variations 
have also to be considered. However, the plateau 
on which most of the measurements were made is 
fairly flat, and is not rough at the scale of the 
measurements (50 cm). Furthermore,  all the mea- 
surements were made on fiat surfaces where dis- 
turbance due to local topography should be small. 
Larger scale topography seems to have only a 
small effect, as the gradient does not increase 
significantly (considering the dispersion of the 
data) away from the cliff at the southern edge of 
the plateau. Conductivity measurements on sam- 
ples from piston cores taken in the Nankai Trough 
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area vary between 0.7 and 0.85 W m -1 K -1 [10], 
but a wider range of variation and higher values 
are expected if sand layers are present. Carbon- 
ate cementation aiso increases conductivity, but 
the probe cannot penetrate  concretions. All tem- 
perature measurements were made in unconsoli- 
dated sediments and their conductivity may range 
from 0,7 to 1.2 W m-1 K-~ (+  25%) if extreme 
values are considered [7]. Gradient dispersion 
within the central cluster defined above (Fig. 2b) 
is actually quite high (almost + 20%) and, among 
other factors, probably results from conductivity 
variations. Measurements that plot outside this 
central cluster need another explanation, how- 
ever. 

Conductivity variations may also be responsi- 
ble for the nonlinearity of thermal profiles. How- 
ever, reference measurements are quite linear, as 
exemplified by Fig. 1, and only three of all the 
measurements made outside clam colonies are 
classified as "curved" or "odd",  and two of those 
were made at the same station. Thus, we will 
assume that vertical conductivity variations in the 
first 50 cm of sediment are not significant. 

The two measurements made in white patches 
associated with type C clam colonies are within 
this cluster, which suggests that fluid flow there is 
too low to create significant perturbations. How- 
ever, more measurements are necessary to make 
this conclusive. 

Type E colonies display a continuous trend 
from normal to high gradients (100 mK/m) ,  with 
a comparatively small increase in T 0. This is what 
is expected if colonies are fed by fluids coming 
slowly from depth (velocity of the order of 10 
m/a ) .  

Type A colonies are characterized by a high T O 
( >  1.58°C) for measurements made inside the 
colony, which is indicative of very high Darcian 
flow velocities (of the order  of 100 m/a ) .  How- 
ever, gradients between the depths of 20 and 50 
cm can be much lower than normal in these type 
of colonies, which suggests convection, as will be 
discussed later. An additional feature is the oc- 
currence of very low gradients near two of these 
colonies (with T O close to reference temperature),  
which we attribute to downwelling of seawater. 

The two type B colonies investigated have a 
low temperature gradient (30 mK/m) ,  and a rela- 
tively high T O , suggesting that they are similar to 

type A colonies but with weaker flow. Measure- 
ments made near these colonies are normal, sug- 
gesting that if convection is occurring, it may be 
limited to the colony itself. 

In the following part we will concentrate on 
the study of one colony each of types A, B and E. 
In each case, several measurements were made 
within and outside the colony. Convection will at 
first not be considered, as the observed low gradi- 
ents inside type A and B colonies can also be 
explained if fluids flow horizontally into the con- 
duit that feeds the colony. 

4. Modeling of fluid advection 

In order to reproduce the different thermal 
characteristics of the different colony types, we 
used models of the same type but with different 
geometries of fluid flow. However, all the models 
are symmetrical along a vertical axis and the 
diameter of the porous permeable conduit which 
feeds the colony is taken as equal to 60 cm, but 
the length of the conduit varies. Fluid flow is 
forced by a fixed pressure difference between the 
upper (the seafloor) and lower boundaries of the 
model (advection as opposed to convection). The 
assumed permeability structure controls the ge- 
ometry of fluid flow. The density of fluid is as- 
sumed to be constant, and equal to the density of 
seawater. Convection is thus impossible and all 
fluid expelled through the colony comes through 
the base of the mesh. Excess pore pressure and 
fluid flow velocity fields are first computed from 
the boundary conditions, assuming no water stor- 
age (and thus are steady-state), with no sources 
within the mesh. Then the convection-diffusion 
equation is solved for the temperature field, using 
the fluid flows previously calculated. The temper- 
ature can be computed in steady-state or tran- 
sient state. The initial state is then the steady-state 
without fluid flow, and fu id  flow is taken con- 
stant throughout the computations. In short, wa- 
ter flow and thermal problems are solved sequen- 
tially and both equations are purely linear. 

The physical parameters used are given in 
Table 1. The most sensitive parameter  is the 
thermal conductivity of sediment, which is as- 
sumed to be A = 1 W-~ m-~ K-~. For a given 
geometry, the steady-state temperature field does 
not change if the ratio Vo/D of the Darcy veloc- 
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Fig. 3. Geometry  and permeability structure of the various 
models of  clam colonies. 1 =  conduit (k = 10 - t °  m2); 2 = 
layered turbiditic sediment  (horizontal permeability krr = 
10 - H  m 2 and vertical permeability k z z= lO  -13 m2); 3 =  
homogeneous  mud (k = 10 -13 m2). (a) Model with a long 
cylindrical conduit  of  10 m in length. (b) Model with a short 
cylindrical 2 m conduit. (c and d) Short conduit models with 
conduit ending inside the mesh; the high horizontal perme- 

ability outside the conduit  allows lateral fluid recharge. 

ity over the thermal diffusivity remains constant. 
The geometry and the velocity of fluid flow are 

adjusted for the model to fit the temperature 
data. But pressure gradient and permeabilities 
are not known, and cannot be constrained by this 
method. The permeability and pressure gradient 
values given here are only indicative, and based 

on the assumption that the pressure gradient is 
very close to hydrostatic, which is consistent with 
the results of the "puppi"  (pop up pore pressure 
instrument) experiment [11]. However this experi- 
ment was not very conclusive, and one may as- 
sume pore pressure gradients up to two orders of 
magnitude higher than those used for this model- 
ing. The fluid flow would however be the same if 
at the same time permeability is lowered by two 
orders of magnitude. 

4.1. Long conduits 
The first finite element model is a vertical 

conduit of radius 30 cm and of length 10 m (see 
Figs. 3a and 4). The purpose of this model being 
to approximate the solution for an infinitely long 
conduit, the choice of the conduit length is arbi- 
trary, provided it is much larger than the conduit 
diameter. The boundary conditions are a fixed 
hydraulic head and temperature at the surface 
and at a depth of 10 m. The condition on the 
lateral boundary is no water flow and no heat 
flow. This boundary is set at a distance of 20 m 
from the centre so that the perturbation induced 
is small. 

As upflowing fluids loose much more heat 
through the walls, the temperature profile with 
depth in a long cylindrical conduit is significantly 
different from that obtained with one-dimen- 
sional models or two-dimensional models with a 
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Fig. 4. Finite e lement  mesh  and boundary conditions used for advection models  with conduits that are 2 m in length or shorter. For 
the 10 m long conduit,  e lements  with 1 m node spacing are added at the bot tom and at the outer  boundary.  
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Fig. 5. Temperature measurements and model in a type E 
colony (dive 4); d is distance from the edge of the colony. 

Darcian flow velocity is 30 m/a. 

planar conduit [5]. In particular, gradient does 
not always tend to zero with depth, even for high 
flow rates (mathematically, ZUD/D >> 1 does not 
imply ~T/~z = 0). Consequently, the long cylin- 
drical conduit model is not appropriate  for 
colonies having a low thermal gradient. 

The permeabili ty inside the conduit is taken as 
equal to 10 - t °  m 2, corresponding to a clayless 
coarse sand [12], and is 1000 times higher than in 
the surrounding sediment. Because the Darcian 
flow velocity inside the conduit is typically of a 
few tens of metres  per year, the Darcian flow 
outside is between 1 and 10 c m / a ,  which only 
increases the thermal gradient by a few percent  if 
the lower boundary condition is set at 10 m. The 

corresponding curvature of the tempera ture  pro- 
file is undetectable by tempera ture  measure- 
ments in the first 50 cm below the surface. 

The steady-state tempera ture  profiles inside 
the conduit for an excess pore pressure gradient 
of 10 Pa m -1, and thus a Darcy velocity of 30 
m / a ,  fit well the data from a type E colony (see 
Fig. 5). However  the decrease in the thermal 
gradient away from the conduit occurs more 
rapidly for the model: measurement  4-7, made 
about 1 m away from the rim of the conduit is fit 
by a model profile obtained just 10 cm away from 
the conduit. This may indicate that fluid advec- 
tion does not occur only in the colony but that it 
is at a maximum there. 

4.2. Short conduits 
Most other colonies have t empe ra tu r e -dep th  

profiles implying that the tempera ture  of fluids in 
the conduit equilibrates with the background gra- 
dient at a shallow depth. This is especially notice- 
able for the type B colonies studied during dive 8. 
The temperatures  measured at the 50 cm depth 
are roughly the same within and outside the two 
type B colonies (see Fig. 6). For the type A 
colony studied during dive 12, as the tempera ture  
elevation above reference is 60 mK both at the 30 
and 50 cm depths, the fluid tempera ture  is then 
expected to equilibrate with the background at 
about the 1 m depth (see Fig. 7). As no significant 
fluid source can exist at such shallow depths, a 
mechanism is required to explain this phe- 
nomenon. 

2O 

40 

6C 

Fig. 6. Temperature measurements and model in a type B 
colony (dive 8); d is distance from the edge of the colony. 

Darcian flow velocity is 70 m/a. 
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Fig. 7. Temperature measurements and model in a type A 
colony (dive 12); d is distance from the edge of the colony. 

Darcian flow velocity is 150 m/a. 
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Permeability in the conduit is again taken equal 
to 10-10 m 2, but the conduit now ends inside the 
finite element mesh, the lower boundary being at 
a depth of 2 m (see Figs. 3 and 4). Outside the 
colony, the sediment from the surface to 40 cm 
deep is assumed to be homogenous sandy m u d  
and to have a permeability of 10-13 m 2, which is 
the same as for sediment surrounding the conduit 
in the long conduit model. We assume that, be- 
low this surface layer, the sediment consists of 
turbidites in which fluid can flow along subhori- 
zontal sandy layers, whereas clayey or silty layers 
prevent fluid from escaping upward. Permeability 
within this turbiditic domain is assumed to be 
uniform, but anisotropic, which is easier to han- 
dle with finite elements than discrete thin strata. 
As two orders of magnitude of stratigraphic 
anisotropy is reasonable for turbiditic sediment 
[13], horizontal permeability is taken equal to 
10- l l  m 2 and vertical permeability equal to 10-13 
m 2" 

Below the end of the high-permeability con- 
duit, fluid slowly and uniformly seeps upward. 
Between the base of the conduit and the 40 cm 
depth, most of the fluid converges towards the 
conduit. The remaining fluid seeps through the 
isotropic surface layer. In this model, there is 
significant fluid advection outside the conduit, of 
the order  of 10 cm-1 m / a  (Darcy velocity). Note 
that the total amount of fluid collected in the 
central conduit is largely dependent  on the radius 
of the outer boundary. In our model, fluid is 
drained from a 4 m radius area. An actual colony 
may drain a larger area if it is isolated and if 
permeable layers extend beyond without disconti- 
nuity. 

Actually, fluid may not seep uniformly and 
vertically at depth. For example, flow may also be 
channeled by fractures, joints or sand dykes. One 
can also envisage that fluid migrates along sand 
layers for long horizontal distances before reach- 
ing the colony. These two cases would require 
truly three-dimensional modeling, but they do 
share with the present model its main feature: 
the conduit that feeds the colony is not deeply 
rooted and fluids have to converge on the colony 
along shallow permeable layers. 

The results for the steady-state are compared 
with the data in Figs. 6 and 7. A consequence of 
the vertical fluid flow outside the colonies is an 

increase of about 5% of the background gradient 
in the first 50 centimetres (the lower boundary 
being at 2 m). It follows that part of the measured 
background conductive gradient may be due to 
residual flow. In Figs. 6 and 7, only corrected 
profiles are given. 

It appears that the measured temperature ele- 
vation in the conduit can be simulated with a 60 
cm long conduit (and a Darcian flow velocity 
inside the conduit of 70 m / a )  for type B colonies, 
and with a 110 cm conduit for the dive 12 type A 
colony (and a Darcian flow velocity inside the 
conduit of 150 m/a ) .  However, the bend in the 
measured profiles at around the 30 cm depth is 
not obtained with any reasonable parameter  set 
(the calculated profiles tend to be almost linear). 
This is especially true for the type A colony, 
where the measured temperatures at the 30 and 
50 cm depths are identical, but this feature could 
be transient. The OT 6000 long-term thermal 
observatory recorded temperature fluctuations of 
+ 0.05°C at a depth of 34 cm within the sediment 
in another active type A colony. Foucher et al. [7] 
interpret these fluctuations as being due to varia- 
tions in flow rate. Thus, it can be expected that 
the temperature data from dive 12 also corre- 
spond to a transient state. However, the fluctua- 
tions recorded by the OT 6000 represent less 
than +10% of the temperature difference be- 
tween the seafloor and the 34 cm deep probe. 
Consequently, we assume that the flow velocity 
can still be roughly estimated from a steady-state 
model. 

4.3. Extension of results to other colonies 
These three models and an additional one 

featuring a conduit of 2 m in length are compared 
with all other exploitable data sets and the veloc- 
ity of fluid flow is adjusted for each case. The 
best fitting parameters are given in Table 3, where 
they are compared with the Darcian flow veloci- 
ties estimated with the one-dimensional model. 

5. Convection models  

5.1. Arguments in favour of convection 
A first argument comes from the measurement 

of very low gradients around two type A colonies. 
Measurements 12-4 and 12-5 were taken on each 
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side of a type A colony, 1 m away from the rim 
(see Fig. 7). One gave a low value (37 mK/m) ,  
while the other (52 m K / m )  is compatible with 
other measurements of background gradients, 
which excludes the possibility that the low gradi- 
ent is characteristic of the site. Considering the 
ratio of these two values (1.4) it is possible, but 
unlikely, that a conductivity variation can account 
for the difference in gradient. There is no signifi- 
cant elevation of the extrapolated surface tem- 
perature,  and therefore this measurement cannot 
be interpreted as the consequence of upward 
fluid flow. Local downwelling of fluid is, in con- 
trast, a likely interpretation. An even lower gradi- 
ent value (20 m K / m )  was obtained 1.5 m off an 
active type A colony (dive 20), near a cluster of 
dead clam shells. This indicates past (but recent) 
activity. Such a low value cannot be t he  conse- 
quence of locally higher conductivity. This mea- 
surement is somewhat confusing because there is 
an upward convexity of the temperature profile 
and the extrapolated surface temperature is 
slightly increased. (However, the reference sur- 
face temperature is not known accurately for this 
dive.) But it is equally difficult to interpret this 
measurement simply in terms of upward flow or 
by a recent change in bottom-water temperature.  
Downflow is again the most likely interpretation. 

One measurement made only 10 cm away from 
the edge of a type B colony (8-1) was normal both 
in terms of gradient and of extrapolated surface 
temperature (see Fig. 6). This is not what is 
predicted by the advection model and suggests 
that the rim of the colony is cooled by downflow 
in the conduit itself. Small-scale convection below 
the colony has the advantage of providing an easy 
way to explain the uniformity of temperatures 
measured at the 50 cm depth inside and outside 
type B colonies. On the other hand, the surpris- 
ing uniformity of the three thermal measure- 
ments (12-1,2,3; see Fig. 6) made at three differ- 
ent locations in a single type A colony implies 
that fluid flow is fairly uniform within the colony 
and that downflow occurs elsewhere. The convec- 
tion has then to occur on a larger scale. Conform- 
ing the results of advection models, the base of 
the convection cell should be at a depth of 1 or 2 
m, and low gradient measurements would indi- 
cate that downflow occurs 1 or 2 m away from the 
colony, and possibly further away than this. 

An other argument is indirect and based on 
the fact that the total fluid flux in the area 
deduced from flow values in the colonies (about 
200 m3/a  per metre of subduction zone, see 
section 6) is too high to be compatible with the 
measured 60 m K / m  background thermal gradi- 
ent. This point is discussed in more detail by Le 
Pichon et al. [14], according to whose estimates 
the total heat flux (advective and conductive) 
through colonies is much smaller than the back- 
ground conductive flux outside the colonies inte- 
grated over the active area. Thus, the total heat 
flux through the active area can be approximated. 
The amount of water coming from depth is then 
estimated using simple thermal models. The val- 
ues obtained imply dilution with seawater by a 
factor of 6 to 30, depending on the temperature 
gradient assumed for thermal equilibrium in the 
absence of fluid flow (40-60 m K / m )  and on the 
depth at which mixing is assumed to occur (1-20 
m). 

5.2. Is convection driven by temperature or 
salinity? 
Free convection has to be driven by an in- 

verted density gradient, which can be caused ei- 
ther by the thermal gradient or by a salinity 
difference between seawater and seeping fluids. 
Equations governing convection in a porous 
medium can be written in the same way for both 
cases. F o r  the thermal problem, the Rayleigh 
number is: 

p g ' a t A T ' H k  
Rat = /zDt (3) 

pg is the hydrostatic pressure gradient: 104 Pa 
m-1 

o/t is the coefficient of thermal expansion of wa- 
ter: 10 - 4  K -1  under 400 bars at 2.5°C 
AT is the temperature difference between lower 
and upper boundaries: A T / H  = 60 m K / m  
H is the characteristic size of the system 
/z is the viscosity of water, around 10 -3 Pa s 
D t is the thermal diffusivity A/(pC)w,  2.5 x 10 -7 
m2/s  if dispersivity is not taken into account 
The chemical Rayleigh number is: 

pg " o~cAS . H k  
Rac = I~D¢ (4) 



F L U I D  F L O W  IN C L A M  C O L O N I E S  367 

a c is the  coeff ic ient  r e l a t ing  sal ini ty  and  dens i ty  

var ia t ions  at  a given t e m p e r a t u r e :  

1 

a c = 0.77 at  0°C [12]. 
D c is the  diffusivity of  the  solute ,  D c = d  o +  
/31U D I, do, the  mo lecu l a r  diffusivity, is of  the  
o r d e r  of  10 .9  m2//s; /3, the  coeff ic ient  of  d i sper -  
sivity, is very d e p e n d e n t  on the  scale of  the  sys- 
t em and on  its he t e rogene i t y  [12]. F o r  a p r o b l e m  
on the  scale  of  a few met res ,  /3 is p robab ly  
b e t w e e n  1 and  10 cm. Consequent ly ,  Dc is be-  
tween  10 -9  m 2 / s  and  3 X 10 -7  m 2 / s  (with U D < 

100 m a - t ) .  
AS is the  sal ini ty  d i f fe rence  be tween  the  u p p e r  

and  lower  bounda r i e s .  T h e  sal ini ty of  s eawa te r  is 
34%o. Chlor in i ty  of  in ters t i t ia l  p o r e  wa te r  sam- 
p l ed  in whi te  pa t ches  is abou t  0.95 t imes  tha t  of  
s eawa te r  samples ,  ind ica t ing  tha t  the  sal ini ty  of  
the  u n d i l u t e d  f luid source  is at leas t  1.7%o (3.4 x 
0.05) less than  tha t  o f  s eawa te r  [9]. In  the  Barba-  
dos  area ,  f luids s a m p l e d  in a m u d  volcano  situ- 
a t ed  seaward  of  the  d e f o r m a t i o n  f ront  a re  half  as 

sal ine as s eawa te r  [3]. A t  the  O D P  Leg 110 site, 
f luids f lowing a long the  d6co l l emen t  and  a long  
ou t -o f - sequence  thus ts  d r i l l ed  on  an inner  por -  
t ion of  the  wedge  a re  bo th  1 0 - 3 0 %  less sal ine 
than  seawater ,  a l though  the  f luids a re  of  a differ-  
en t  or igin for  each  case  [15]. R e c e n t  dr i l l ing 
th rough  the  toe  of  the  N a n k a i  wedge  ( O D P  Leg 
131) showed a d rop  in ch lor ine  concen t r a t i on  
assoc ia ted  with the  hemipe lag i c  sec t ion  tha t  was 
a t t r i bu t ed  to pas t  f luid in jec t ion  [16]. These  
showed tha t  an or ig inal  f luid source  of  low salin- 
ity is very l ikely in the  context  of  an acc re t iona ry  
complex  and  tha t  the  sal ini ty d i f fe rence  expec ted  
is more  than  0.1%o bu t  less than  17%o. The  
source  of  low-sal ini ty wa te r  is unc l ea r  (see [14], 
for  example) .  

The  cri t ical  Ray le igh  n u m b e r  is abou t  40 for 
c losed roll  convec t ion  in a p e r m e a b l e  hor izon ta l  
s t r a tum with f ixed t e m p e r a t u r e s ,  or  salinity,  at 
the  b o u n d a r i e s  [17]. If  the  f luid is a l lowed to flow 
freely t h rough  the  u p p e r  b o u n d a r y  the  cri t ical  
Ray le igh  n u m b e r  is smal ler ,  of  the  o r d e r  of  ten.  

Then ,  for  the  t he rma l  p rob l em,  Ra = 10 im- 
pl ies  HEk = 3.33 x 10 -8  m 3. I f  we suppose  tha t  

Fluid output UD = 28 m/a 
S = 33.5 %. 
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Fig. 8. Finite element model of small-scale (2 m) haline convection around a high-permeability conduit. Boundary conditions for 
the flow equation are zero pressure on upper boundary, fixed flow below the base of the conduit (U o = 10 m/a) and no flow 
elsewhere. Boundary conditions for the salt transport equation are fixed salinity on the upper boundary (35%0) and below the base 
of the conduit (30%0) and no flow elsewhere. The salinity difference between fluid source and seawater is only 5%0. Upcoming 
fluids are diluted with seawater by a factor 3.4 in the convection cell. Dashes show direction of fluid flow but have a constant 
length. Permeabilities are as follows: (1) k = 10 10 m2; (2) krr = 2X 10 -11 m 2 and kzz = 2X 10 -12 mE; (3) k = 2X 10 -12 m 2, (4) 
k = 10- I2 m 2. Layer (4) is used to isolate the lower boundary condition (S = 30%o below the conduit, no mass flow elsewhere) 
from the convection cell. If this is not done, a lot of salt leaves the finite element mesh by diffusion through the lower boundary of 

the conduit, which modifies the results. 
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convection occurs between the seafloor and the 2 
m depth, k must be higher than 0.8 10 -8 m 2, 
which is about the permeability of stacked peb- 
bles. If a permeability of 10- l0 m e is assumed, H 
should be 20 m or more. 

For the cher0ical problem, Ra = 10 implies 
10-13 < Hk < 4 × 10-1° m 3, depending on the 
values chosen for D t and A S. Salinity-driven con- 
vection at the 1 m scale thus appears to be 
compatible with a high conduit permeability 
(10 - l°  m 2 or less). 

Because of the complex geometry of the sys- 
tem and of its highly heterogenous permeabili- 
ties, one cannot rely uniquely on the computation 
of a Rayleigh number as a criterium for convec- 
tion. However, thermal convection can be ruled 
out on this basis. 

5.3. Modeling of chemical convection 
A finite element model has then been used to 

check that convection is actually possible with a 
salinity difference of only a few permil (Fig. 8). 
The permeability structure of the model is also 
given in this figure, and is very similar to that of 
the short conduit model. Fluid of constant salin- 
ity is injected at the base of the high-permeability 
conduit (k = 10-10 m 2) and as its density is lower 
than that of the pore water in the surrounding 
sediments, seawater flows into the conduit from 
the sides and mixes with the low-salinity fluid. In 
the case shown in Fig. 8 the difference in salinity 
is 5%o between seawater and the injected fluid, 
and the input flow is 2.8 m3/a ,  which corre- 
sponds to a velocity of 10 m / a  in the conduit 
(conduit radius is 0.3 m). The model predicts that 
5.2 m 3 of seawater per year would flow into the 
conduit from the sides along strata of higher 
permeability ( k r r = 2 ×  10 -11 m 2) and the flux 
through the seafloor of mixed fluids is 8 m3/a,  
corresponding to an average velocity of 28 m / a  in 
the conduit. The dilution factor here is 2.85, 
which is lower than the factor of 6 to 30 esti- 
mated from the heat balance of the active area 
[14]. In this model, fluid downflow is very slow 
(maximum 10 c m / a )  as it has to cross low-per- 
meability layers and spreads out over a large area 
(model radius is 4 m), and it is not sufficient to 
explain the observed reduction in gradient. Fluid 
downwelling may in the real world be localized in 
high-permeability conduits, as is upwelling, but 

this feature cannot be modeled with two-dimen- 
sional finite elements. Modeling also showed that 
if the horizontal permeability is suppressed, con- 
vection may still occur but is confined inside the 
high-permeability conduit. Salinity, flux of incom- 
ing fluid and permeability of the conduit are the 
parameters that control the velocity of fluid vent- 
ing, almost independently of the permeability 
around the conduit. 

As convection implies that fluid flows into the 
conduit, the pore pressure inside the conduit is 
lower than the pore pressure outside the conduit 
at the same depth. Furthermore,  as downflow is 
supposed to occur somewhere outside the colony, 
the pore pressure gradient there is necessarily 
smaller than the hydrostatic gradient in seawater. 
Thus, for a given density of diluted fluid flowing 
in the conduit, the maximum Darcian flow veloc- 
ity (UDmax)  compatible with salinity-driven con- 
vection can easily be estimated: 

kg 
UDmax = - -  ( Pseawater --  Pmixed fluids) ( 6 )  

where k is the permeability in the conduit, /z is 
the viscosity of water (10 -3 Pa s), g is gravity (10 
m s-2), and p is density. If k is assumed to be 
equal to 10-l0 m e, which can be considered as an 
upper bound, a Darcian flow velocity of 100 m / a  
can be obtained in the conduit if Ap = 3 k g / m  3, 
which corresponds to a salinity difference of 
4.5%o between seawater and the diluted fluids in 
the conduit. Note that in the finite element model 
shown in Fig. 8, U o in the conduit (average 28 
m / a )  is close to the maximum value given by eq. 
(6) (Uomax  • 32 m / a  for AS = 1.5%o). 

The dilution factor cannot be estimated as the 
original salinity of the migrating fluid is not 
known. However, it cannot be more than 10 for 
reasonable values of permeability (less than 10- l0 
m2), and flow rates of more than 10 or 20 m / a  
cannot be driven by salinity contrast if conduit 
permeability is less than 10- 11 m 2, 

6. Total flux through clam colonies at site 1 

One dive was devoted to a statistical estimate 
of the density of clam colonies and of the area of 
seafloor covered by clam colonies (dive 23, scien- 
tific observer (Sci. Obs.) M. Sibuet). The sub- 
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mersible followed straight parallel lines 100 m 
apart, evenly exploring a zone of 625 m in length 
and 500 m in width along the upper part of the 
slope and on the plateau. Images recorded by a 
CCD camera carried on the submersible were 
used as a reference for counting colonies of dif- 
ferent types and estimating their surface area 
[7,8]. The width of the camera field happened to 
be not significantly different from the altitude of 
the submersible itself, which is continuously mea- 
sured by a pinger. The mean value of the field 
width is thus about 2.3 m for dive 23. Conse- 
quently, the area actually seen on the video dur- 
ing dive 23 represents 4% of the studied zone 
(see Table 4). 

The distribution of type A colonies in the zone 
is highly inhomogenous: two-thirds of the counted 
colonies are found in a small 10,000 m 2 area, in 
which the second site of deployment of the OT 
6000 and "Puppi"  measurement 6 are also lo- 
cated. This zone was explored, during dive 23, 

more intensively than the rest of the surveyed 
area as the divers were looking for a convenient 
site to conduct a biological experiment. We esti- 
mate that 7.5% of the surface of this colony 
cluster has been explored. 

Other colony types appear to have a more 
homogeneous distribution. Thus, we simply multi- 
ply the observed colony surface by 25 to estimate 
the total area covered by type B, type C and type 
E colonies. 

Dives 12 (Sci. Obs. P. Schultheiss) and 17 (Sci. 
Obs. N. Chamot-Rooke) extended as far as 1.5 
km from the surveyed area, and found venting 
sites as well: a big cluster of type A colonies (dive 
17) and spread-out type C colonies in small ero- 
sional gullies (dive 12). Dive 3 (Sci. Obs. Z. 
Takeuchi) climbed the slope east of the surveyed 
area and found some biological activity. Further 
north, on top of the plateau, two clusters of type 
A colonies were found during dive 21 (Sci. Obs. 
G. Furuta). This showed that, whereas large sec- 

TABLE 4 

Total fluid flux in zone 1 

Zone 1 is a box 500 m x 625 m 
(500 m orthogonal and 625 m parallel to deformation front) 
Average width of image on CCD 
Distance covered during dive 23 
Surface explored during dive 23 
Main cluster of colonies 
Explored surface in main cluster 

Colony 
Type Nb 

A 122 
A: Cluster 
A: Background 
A: Total 

B 31 

C 18 

E 274 

Total 445 

2.3 m 
5,370 m 
12,300 m2 =4 % of Zone 1 
10,000 m 2 

750 m 2 = 7.5 % of cluster area 

Surface 
ii12 %a 

nominal total 
fluid flow flux 

m/a 103 m3/a 

100 (150) 
100 53 
100 50 

103 

60 0.5 
40 5. b 
20 0.16 

7.8 0.06 70 14 

1.9 0.015 0? 0? 

25 0.2 10 6.2 

94 0.76 123 

fluxC 
m2/a 

(240) 
85 
8O 
165 

22 

O? 

10 

197 

a Surface of observed colonies in percent of the total explored area 
b Surface of observed colonies in percent of the area explored in the main cluster 
c Mean fluid flux is in cubic metres per year per metre width of subduction zone 
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tors of the 500 m wide active zone are empty of 
clams, other clusters of colonies could be found 
in either direction along the anticline. 

Results of the colony count are given in Table 
4. The total fluid flux out of the colonies was then 
estimated using a nominal value of Darcian flow 
velocity for each type of colony. The total amount 
of fluid expelled is huge, of the order of 200 m 3 
a -  1 per metre of subduction zone (m 2 a -  1). Most 
of the fluid are expelled through type A colonies 
both because they cover more surface than other 
types of colonies and because they are more 
active. But as convection is suspected to occur in 
association with this type of colony, the fluid flux 
actually coming from depth is not known accu- 
rately. The maximum value of deep fluid flux 
compatible with the value of background heat 
flow is discussed in Le Pichon et al. [14] and is 
compatible with dilution by subsurface convection 
by a factor of 6 to 10. 

7. Conclusion 

The velocity of upward fluid flow, and the flow 
pattern, appear to be correlated with the inten- 
sity and type of biological activity. Slow seepage 
(<  10 m / a )  of hydrogen-sulphide rich fluid 
favours the development of white bacterial mats. 
Colonies of large Calyptogena sp. (type C) are 
occasionally found around these white patches. 
Rapid flow of diluted fluid (100 m / a )  is charac- 
teristic of the densest colonies of Calyptogena 
(type A). Another  characteristic of type A colonies 
is the very shallow depth (1 or 2 m) of the fluid 
source inferred from thermal modeling. We pro- 
pose that mixing with seawater downwelled out- 
side the colony is cooling the upcoming fluid. 
Type B colonies are not markedly different but 
smaller and less dense. Their  recharge depth is 
even shallower, suggesting downflow of seawater 
in the conduit itself. Small bivalves from the 
Vesicomidae family tend to gather in small clus- 
ters which may be found in great number over 
large surface areas (type E). Fluid flow velocity in 
these vents is quite variable but always smaller 
than in type A or B colonies. When fluid flow 
determination is possible (U D > 10 m / a )  temper- 
ature measurements also indicate that the fluid 
conduit is continuous at depth and that mixing 

with seawater may only occur at a depth of more 
than 10 m. Thus, these bivalves are probably 
more efficient than Calyptogena sp. in the ex- 
ploitation of pervasive flow a n d / o r  of low flux 
conduits. Note that these characteristics of the 
vents preclude determining the upwelling tem- 
perature at great depths before mixing occurs. 

A statistical study of the surface covered by 
each type of colony indicates that most of the 
fluid is vented through type A colonies [7]. The 
total estimated fluid flux is about 200 m 2 a -1. 
This value is more than one order of magnitude 
larger than that expected to come from steady- 
state compaction of the wedge [14]. The absence 
of a significant increase in the background heat 
flow in the area of venting indicates that the fluid 
flux actually coming from depth is more probably 
of the order of a few tens of square metres per 
year [14]. 

Type A colonies are almost exclusively found 
on the summit plateau, while white patches and 
type C colonies are only found on the upper slope 
along the probable outcrop of a flat thrust or 
shallow d6collement, situated 20 m below the top 
of the anticline [18]. This enables us to propose 
the following scheme for fluid flow: A flux of 
20-40 m 2 a -1 of fluid having a high sulphide 
content and a low salinity flows along a flat thrust 
connected to the d6collement by the second ma- 
jor active thrust in the area. The salinity contrast 
between the incoming fluid and seawater can 
cause convection to occur at two different scales: 
between the d6collement and the surface, and 
near the surface around the vents. Thermal argu- 
ments led to the conclusion that some amount of 
dilution is likely to occur at the level of the flat 
thrust [14]. Type E colonies, which are found all 
over the active zone, possibly vent fluids already 
diluted at depth. Wherever fluid of deep origin 
reaches the seafloor on the plateau sufficiently 
undiluted, a small-scale convection cell would 
form, associated with a type A or type B colony. 
Note, however, that models indicate that such a 
mechanism for convection would require that the 
permeability of the sediment is locally as high as 
10-11 or 10-10 m 2 below the convecting colonies, 
and we do not know if this is true. A fraction of 
the original fluid continues to flow slowly along 
channels in the shallow d6collement zone, and 
possibly along strata, and feed chimneys, bacte- 
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rial mats and type C colonies that are found 
exclusively along the flat thrust outcrop. 
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