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ABSTRACT

During the Kaiko-Nankai diving cruise the peak of the venting activity was located near the top of the very first anticline.
The most prominent morphological feature between the mid-slope (3870 m) and the apex of the fold (3770 m) is a 20 m high
cliff cutting through subhorizontal massive mudstones affected by numerous joints. The trend of this scarp is oblique to the
fold axis and structurally controlled along two sharply defined NNE-SSE and E-W directions. Fresh talus and blocks found
locally suggest active tectonics and recent erosion. Intense deformation is evident from strongly tilted strata restricted to the
base of the cliff that we interpret as an upslope thrust. At the scale of Seabeam mapping, this thrust can be followed
eastward for more than 5 km along the 3820 m isobath. Two seismic lines recorded during one of the pre-site surveys show
deformation at shallow depth, including small-scale folding and thrusting affecting only the wedge-shaped top sequence.
Deeper layers can be traced continuously below this sequence. We conclude that the boundary between the “piggy-back”
basin and the frontal fold turbidites acts as a shallow detachment fault, and interpret the base of the cliff as the outcrop of
the fault. Dense colonies of Calyptogena clams and strongly nonlinear thermal gradients locate the major peak of fluid
activity at the edge of the plateau above the main cliff. Scattered biological colonies as well as white bacterial mats and
cemented chimneys were also found in a narrow belt along the base of the cliff. Fluid activity is thus closely related to the
shallow detachment fault, fluid being expelled both at the outcrop of the fault and above it through the overlying strata,
possibly using the very dense joint network.
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Introduction

Long-distance migrations of fluids in accre-
tionary complexes were first evident from deep-
sea drilling results, and as a major result of ODP
Leg 110, thermogenic methane was found in the
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Lhomond, 75231 Paris Cedex 05, France.

interstitial waters from the décollement and the
frontal faults at the toe of the Barbados accre-
tionary prism [1]. This methane cannot be pro-
duced in-situ but rather comes from the deeper
part of the prism, at least a few tens of kilometres
landward. A consistent hydrogeological interpre-
tation is that in the Barbados prism, fluids from a
deep origin flow along the décollement and the
three frontal thrusts [1-3] and propagate sea-
ward, feeding a diapiric field [4-6). The sub-
mersible exploration of the Barbados [6,7], Ore-
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gon [8-10] and Nankai [11-15] trenches provided
evidence from the seafloor of methane-rich fluid
outflow, biological communities, bacterial mats,
carbonate concretions and cemented chimneys.
During the first eastern Nankai accretionary prism
submersible survey, the main biological colonies
based on chemosynthetic processes had been
found above the frontal thrust [11]. Conversely,
on the Oregon margin, the outcrop of the frontal
thrust is not always associated with fluid seeping
systems [9], suggesting that erosion and clogging
are important in determining the spatial distribu-
tion of the vents with respect to the fault out-
Crops.

A major breakthough in fluid venting studies
was to investigate the flow rates in a quantitative
way, using either thermal constraints [16-23] or
chemical constraints and direct measurements
[24]. Fluid budgets indicate that the fluid output
is about two orders of magnitude greater than the
amount expected from steady-state compactional
dewatering [20-22,25], pointing to large recharge
at deep (flow along the décollement) or shallow
(local recharge) levels, or to non-steady-state out-
put. To properly estimate both fluid output
(fluxes) and fluid path (geometry of the conduits),
one needs a complete description of the surface
manifestations and a correlation of these with
tectonic features. Tectonics may increase the per-
meability of rocks through fracturing within faults.
This would tend to channel flow along major
faults and along the décollement. Tectonics may
also increase the vertical permeability through
dense jointing, particularly near the apex of folds.
In the absence of tectonics, on the other hand,
permeability is controlled by lithology and ce-
mentation. Flows would tend to occur -along
high-permeability sedimentary layers, especially if
outflow is possible along erosional features.

We report here on a dense submersible survey
over an active venting site of the eastern Nankai
accretionary prism. The main objective is to map
both the surface manifestations of fluid venting
and the tectonic features in order to propose a
fluid path model for the area.

2. Structural framework

The preliminary deep-tow camera site- survey
across the accretionary prism discovered two sites
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of active fluid venting [26]. The shallow site (2000
m deep) is located in the older part of the prism
[27] and is closely related to a major backthrust
over a slope basin [28]. We focus our attention on
the deepest site (3800 m, hereafter site 1) located
near the apex of the frontal fold (Fig. 1). The site
1 area is characterized by a low-angle tapered
wedge resulting from the recent seaward propa-
gation of a series of thrusts within the turbiditic
trench fill. The result is the formation of a broad
unit, bounded to the south by the frontal thrust
(T1a —4020 m) and to the north by a major scarp
(T2a —3500 m), which is the continuation of the
east Tenryu basal thrust system. In its western
part, this recent unit is about 7 km wide, at the
location where the thrusts abruptly terminate into
a complex lateral ramp system trending N310°E,
roughly parallel to the local convergence motion
between the Philippine Sea plate and the Eurasia
plate. The unit widens progressively eastwards,
reaching more than 10 km at its eastern end and
finally vanishes east of 138°E. The total strain
thus gradually decreases eastwards. The unit it-
self can be subdivided into two main subunits,
each about 5 km wide (Fig. 1). The inner (land-
ward) unit is a broad curved 400 m high anticline,
thrust over the outer (seaward) unit along thrust
T1b. A typical piggy-back basin develops on its
back, apparently undeformed. The deformation
of the outer unit is not homogeneous. To the
west, the outer unit consists in a complex series
of small anticlines and related thrusts, the overall
structure being thrust over the trench fill along a
single frontal thrust, To the east, the internal
deformation pattern changes from small-scale
folds and thrusts to a very flat and broad anticline
as the total strain decreases. Changes do not
seem to occur gradually but rather abruptly across
transverse structures. East of 137°57’ the frontal
thrust splits into a set of two high-angle thrusts 1
km apart (T1a and T1a’, see Fig. 1). At the same
location, the proto-thrust zone is well expressed
as an clongate fold seaward of the main trench
channel.

3. Microbathymetry of the venting site area
Two-thirds of the outer unit were explored in

the course of fourteen dives, starting from the
trench. Fluid venting manifestations were found
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to be confined to a very narrow zone near the top
of the frontal fold. Although the frontal thrust is
very active west of site 1 in the Tenryu Canyon
area, as shown during the first Kaiko project
[11,16], no fluid venting activity was found at the
outcrop of the frontal thrust (T1a) in the site 1
area. The dives thus focused on the active site at
depths ranging from 3840 m to 3770 m. A particu-
larly dense coverage was obtained in a 1000 m?
box close to the apex of the frontal anticline. The
great number of dives there allowed us to map in
detail the topographic and tectonic features in
the venting system area. The bathymetry was
obtained by adding the pressure gauge immersion
of the submersible to the sonic altitude above the
seafloor. The microbathymetric map shown in
Fig. 2 uses these submersible depths combined
with the acoustic navigation of the Nautile.

The microbathymetric map reveals the exis-
tence of an important cliff where strata outcrop.
This is about 20-30 m high between 3830 and
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3800 m. Although the main trend of the cliff is
roughly E-W, the detailed mapping shows three
segments (shaded area in Fig. 2), one trending
N120°E (west of 137°54.35’), a central one trend-
ing N40°E and an eastermost one trending
N110°E (east of 137°54.45"). These regular trends
suggest that the cliff is structurally controlled.
Above the cliff, the flat-topped, very first fold has
a N70°E trending axis. From 3830 m to 3860 m, a
small bench lies between the upper cliff and the
main lower steep slope. We show below that the
cliff between 3830 and 3800 m is the most active
tectonic feature along the section and that fluid
activity is focused in this area.

4. Geological observations by submersible

At the base of the section (Fig. 3; 4040 m), the
outcrop of the frontal thrust (T1a), as defined
from seismic data, was found to be covered by a
sedimentary apron composed of very soft mud.

B
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Fig. 1. Seabeam (isobaths every 20 m) and structural map of the Kaiko-Nankai area. Seabeam data were acquired by the Ocean

Research Institute (University of Tokyo) aboard the Hakuho-Maru (cruise KH-89-1) as a pre-site survey for the Kaiko-Nankai

cruise. The small box locates venting site 1. Additional dives outside the box are shown as dotted lines. = Fold axis; 2 = main

thrusts; 3 = shallow detachment fault; 4 = minor thrusts. The tracks of seismic lines NK5 and NK6 across the outer unit are also
shown. The major thrusts discussed in the text are named Tla, T1b, T2a and T2b.
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3780

Fig. 2. Microbathymetry of the venting site (contour interval 5 m) and data points used for the interpolation. The main cliff is
shaded. The upper edge of the cliff corresponds to the outcrop limit observed from submersible. The lower limit follows the 3830 m
isobath. Letter B refers to the bottom photograph shown in Fig. 4B.

As already mentioned, no fluid activity was found
there. The absence of fluid activity along the
frontal thrust was confirmed during two other
dives located 1 km east and 3 km west of the
section. The deepest erratic blocks of mudstones
appear at a depth of 3970 m. Stratified mud-
stones then outcrop at a depth of 3950 m, dipping
downslope (10-20°) and conformable to the slope.

- FIG.8
SE i FIG.5

Strata then progressively increase in dip (30°) and
become successively parallel (3930 m) and slightly
steeper (3900 m) than the slope. Although the
rocks sampled are mostly mudstones, we did ob-
serve at 3930 m well-graded siltstones and mud-
stones, which we interpret as turbidites. Typical
turbiditic sequences were also observed 3 km
west of this section during Dive 17 at the 3890 m
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Fig. 3. Summary structural section of the outer unit along Dive 1 (X. Le Pichon) based on submersible observations. Triangles are
clam colonies. The thick dashed line follows the proposed shallow detachment fault.
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Fig. 4. Bottom photographs: (A) Turbiditic sequence including a small whitish ash layer, cut by orthogonal joints (Dive 17, N.
Chamot-Rooke, 3887 m). (B) Tilted strata at the base of the cliff (Dive 23, M. Sibuet, 3823 m). (C) Abrupt scarp in the massive
mudstones of the cliff (Dive 20, P. Henry, 3799 m).
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depth (Fig. 4A). Sampling and dating of these
turbidites gave a late Quaternary age (< 0.23 Ma,
nannozone NN21). The outcropping sedimentary
sequence is thus fairly young, possibly younger
than 0.3 Ma. Consequently, the sedimentary se-
quence appears to have been deposited in the
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trough and later uplifted to form the scarp. Con-
glomeratic layers were ubiquitously found in-
terbedded with stratified mudstones. The size of
the conglomerate clasts ranges from pebbles
(several centimetres) to blocks of about 1 m in
size. A conglomeratic layer was sampled during
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Fig. 5. Detailed structural sketch map in the vicinity of the upslope cliff, based on a N-S portion of Dive 1 and three E-W portions
of Dive 23. 1=Clam colonies; 2 = white patches; 3 =chimney; 4 =tilted strata; 5= subhorizontal strata; 6 = minor scarps;
7 = thrust. The areas where strata are strongly tilted are shaded with ticks. The main cliff is shaded grey.
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Dive 3 (1 km east of Dive 1) at a depth of 3965 m
and was dated as late Pliocene based on the
nannofossils present. No foraminifera were ob-
served. During Dive 17, a Pleistocene age of
1.1-1.3 Ma was found for a mudstone sample
collected at a depth of 3923 m, 30 m below the
well-identified late Quaternary turbiditic se-
quence described above. Here again, nannofossils
are rare and foraminifera are absent. Both sam-
ples are best interpreted as containing reworked
fossils.

The first (deepest) clam field was discovered
on a small bench at a depth of 3845 m (Fig. 3).
Figure 5 is a structural sketch of this area. Sub-
horizontal strata were followed along a small
promontory oriented N70°E up to a depth of
3820 m at the base of the cliff. The pile of thin,
layered, subhorizontal strata is affected by nu-
merous orthogonal joints (E-W and N-S), each
individual stratum being sharply cut along these
preferentially oriented trends, leading to a typical
serrated fabric. Fields of large clams and white
mats of probable bacterial origin were also found
there.

The base of the cliff is marked by a drastic
change in the strata attitude at a depth of 3820
m, the strata dipping to the south more steeply
than the slope and reaching dips of 50-60° (Fig.
4B and 5). In the cliff, the sedimentary sequence
consists of more massive mudstones in thick lay-
ers cut by numerous joints that are spaced more
widely than in the sequence below (Fig. 4C). The
steeply dipping layers, which are found in several
places at the base of the cliff, have a consistent
N8O°E trend (Fig. 5). Furthermore, the tilted
layers are alternations of thin siltstone and mud-
stone layers, similar to the sequences found in
the bench between the depths of 3850 and 3820
m, and are clearly not the thick mudstone layers
of the cliff. We thus favour a tectonic origin for
the systematic tilting of the strata at the base of
the cliff.

The top of the hill forms a broad bulge culmi-
nating at a depth of 3770 m without obvious
outcrops, although the morphology suggests the
existence of a N70°E-trending anticline. Further
north, we successively cross two small south-fac-
ing cliffs immediately following small featureless
depressions. Each of them shows downslope-dip-
ping mudstone layers. On the basis of the seismic

data (discussed in section 6), we interpret these
two cliffs as the outcrops of secondary thrusts and
folds (Fig. 2 and 3).

We conclude that the most deformed and the
most active zone of the whole section is located
at the base of the upslope cliff at the 3820 m
depth. We show below that the major fluid vent-
ing manifestations are found in the vicinity of this
upslope cliff.

5. Tectonics and venting activity

Numerous fluid seeps have been discovered in
this area. These seeps were easily identified be-
cause of their association with chemosynthetic-
based biological communities (bivalves and tube
worms) or with white patches attributed to bacte-

rial mats and to carbonate deposition features,

including venting chimneys. Their activity was
evaluated through thermal gradient measure-
ments [22,23] and geochemical measurements
[29-30, see also 21].

Four types of biological communities have been
defined based on the characteristics of the com-
munity (density and species composition) [22].
Here, we only consider the distribution of type A
colonies, which are large colonies (up to 2 m in
diameter) composed mostly of small- and
medium-sized clams (genus Calyptogena) with a
few large ones. Their density is very high, up to
1000 individuals/m?, and the sediments display
evidence of strong bioturbation. Thermal mea-
surements (down to 50 cm below the seafloor) are
in good agreement with vertical advection at Dar-
cian velocities of the order of 150 m a~! (5.107°
m s~ 1) [22]. We also consider the distribution of
the whitish bacterial mats, which are character-
ized by a very high content of hydrogen sulphide,
a reduced salinity and calcium carbonate satura-
tion [J. Boulégue, pers. commun., 1990]. On the
basis of limited thermal measurements, Henry et
al. [22] propose that these mats occur over rela-
tively slow seeps (10 m a~!, or 3.1077 m s~ ).
The chemical and thermal results are interpreted
as indicating high dilution with seawater for the
type A seeps and much smaller dilution for the
bacterial mat seeps.

We summarize in Fig. 6 the fluid venting infor-
mation (bacterial mats, type A colonies, and vent-
ing chimney) and the tectonic observations (scarps
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Fig. 6. Dive 23—0bservations (M. Sibuet) in the vicinity of the cliff, showing the relationship between the tectonic features and the
fluid venting manifestations. Letter B refers to the bottom photograph shown in Fig. 4B.

and bedding attitude) from Dive 23, which was
devoted to a regular systematic survey (grid-like
tracks and constant speed). The two main types
of seeps (type A colonies and the bacterial mats
referred to as “white patches”) occur in two
completely different settings, with little overlap.
Type A colonies are numerous above 3800 m on
the top of the broad fold, beyond the upper edge
of the cliff. Conversely, bacterial mats are almost
exclusively situated on the bench at the base of
the cliff between 3850 and 3820 m. White patches
are frequently found in the vicinity of sedimen-
tary layer outcrops. Aligned white patches were
found mostly parallel to the local trend of the
“scarplets”, pointing to venting along strata.
However, at some places, they crosscut the scarps.
White patches were also sytematically found at
the base of the major scarps along the N110°E
segment. Most of the type A colonies were found
in undisturbed areas, away from sedimentary out-
crops.

6. Bathymetric and seismic reflection evidence
for a shallow detachment fault

The tectonic features and fluid seepage distri-
bution discussed above are best interpreted in
terms of a thrust outcropping near the base of the

cliff along which fluids circulate. The bathymetric
map of Fig. 1 shows that the bench at the foot of
the scarp near 3820 m widens significantly east-
wards and then narrows again. Immediately east
of the surveyed area, the upslope cliff becomes
well defined even at the Seabeam scale (20 m
contour interval). In addition, the upslope cliff
trace is not parallel to the trace of the frontal
thrust but has a broad curved outline roughly
following the isobaths, as expected for a flat fault.

Fig. 7a displays a six-channel reflection profile
(NKS5, see location in Fig. 2) shot by the Ocean
Research Institute of Tokyo University as a pre-
site survey for the Kaiko-Nankai diving cruise.
Although the resolution is poor, continuous pla-
nar reflectors dipping gently towards the north
can be traced below the mostly unresolved near-
surface wedge-shaped structure. Profile NK6 (Fig.
7¢, see location in Fig. 2), which is further east,
indicates the presence of a flat planar reflector
outcropping at the level of the bench. Above this
reflector, the sequence appears discordant and
slightly folded. Depth-converted line drawings of
those two profiles are shown in Fig. 7b (NK5) and
7d (NK6).

The surface trace of the thrust and bathymet-
ric and seismic reflection evidence are best inter-
preted as resulting from slight folding (NK6) or
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thrusting and folding (NK5) of a sedimentary
sequence above a shallow reverse detachment
zone parallel to the underlying strata. The wedge
shape of the overlying sequence cannot be a
simple consequence of the deformation above the
detachment fault, the total shortening and thus
thickening being rather small. This sequence
might have been deposited in a piggy-back basin,
like that which still exists further east where the
deformation of the outer unit disappears. Active
piggy-back basin formation in the area is evident
further north in the inner unit, between thrusts
T1b and T2a (see map in Fig. 1 and line drawing
in Fig. 7b). The proposed shallow detachment
fault was then probably located at the base of the
piggy-back basin sequence, along or near the
lithological boundary. This is in good agreement
with the submersible observations, as the sedi-
ments observed are more clayey in the upper cliff
than in and below the bench. Note that the
higher clay content would decrease the perme-
ability and might help to explain the channeling
of the fluid along the detachment fault. We thus
interpret the venting site as the outcrop of a
shallow detachment fault. In the following sec-
tion, we show that at a smaller scale (diving
observations), the outcrop of the fault is in fact a
complex zone involving deformation of the under-
lying strata.

7. Tectonic interpretation of the shallow detach-
ment fault outcrop

The main cliff shows a well-defined inverted
V-shape, due to the intersection of the N40°E
and N110°E segments located at 137°54.45' (Fig.
2). The linearity of the two scarps attests to their
tectonic origin. The seeps appear to be concen-
trated, for the type A colonies as well as for the
bacterial mats, near the V-shape area (Fig. 6).
The base of the main scarp is the boundary
between the upper massive mudstones and the
lower layered strata. It is also a site of active fluid
seepage, as white patches were systematically
found along it on the N110°E segment (sce sec-
tion 5). A striking observation is that the strongly
tilted strata near the 3820 m water depth define a
narrow N70°E-trending belt oblique to the two
segments. However, this trend is exactly parallel
to the fold axis above the cliff. Furthermore, the
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fold has a maximum amplitude in front of this
narrow belt. We propose relating both structures
to shortening above and within a complex detach-
ment zone possibly located below a major litho-
logical boundary. In other words, at the scale of
the diving observations the detachment is a zone
of a few tens of metres in thickness rather than a
single flat thrust.

To illustrate this idea, we constructed a bal-
anced cross section using the fault-bend fold the-
ory [31] based on topographic and geological in-
formation (Fig. 8, see Fig. 3 for the location of
this figure). The upper section (Fig. 8a) shows the
sedimentary layer outcrops, the observed bedding
attitude and the occurrence of the two types of
seeps (A type colonies and white patches), in
relation to the proposed detachment fault. In the
interpreted section that we propose in Fig. 8b, we
consider that the narrow belt of dipping layers
constitutes the forelimb of a fault-bend fold. The
thickness of the thrust packet is defined by the
location of the boundary between the massive
mudstones and the underlying turbidite-like se-
quences. We then construct a second ramp-and-
flat system in order to account for the fold affect-
ing the upper massive mudstones. Although we
are aware of the non-uniqueness of the solution,
it is satisfactory for obtaining a self-consistent
section which fits the near-bottom observations.
The most interesting result of this approach is
that any realistic geological interpretation should
involve a relatively thick (25 m) zone of duplex-
type deformation below the main lithological
boundary between the layered trench-fill se-
quences and the massive piggy-back basin se-
quence.

8. Fluid paths

The lower section in Fig. 8c is a tentative
interpretation of the fluid paths. The simplest
interpretation is that fluid is migrating along the
previously defined fault detachment zone. This
interpretation is in good agreement with the geo-
chemistry of the fluids sampled during the dives
[29,30], fluids seeping at the emergence of the
detachment fault being less diluted (i.e. with lower
chlorininity and higher content of hydrogen sul-
phide, and a very high methane content [29]) than
the fluids expelled above the cliff. Based on ther-
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mal modeling, Henry et al. [22] have shown that driven by a salinity difference as small as few
downwelling of seawater occurs around the A permil between the deeper upcoming fluid and
type colonies located above the cliff. They show the seawater. We propose that low-chlorinity and
also that this type of local free-convection may be methane-rich fluids that originated at depth mi-

TECTONIC OBSERVATIONS

(a) NNwW SSE
3”"1 MASSIVE MUDSTONES LAYERED STRATA
A
ELLUE
E
s
2
i
¥
3900-
m
T
0 50  100m
GEOLOGICAL INTERPRETATION
(b) NNw SSE
3700 1
3800
... e
! 7
3900- L
m
1
0 50 100m
FLUID PATHS
{c) NNw SSE
37unw
1800
3900-

T
0 50 100m
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indicate circulation of undiluted fluids in the detachment fault zone. Black arrows indicate local convection beneath clam colonies.
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grate along the shallow detachment fault and
flow out both at the emergence of the detach-
ment fault at the base of the cliff and above it
across the overlying strata through a dense net-
work of joints.

These results indicate that this shallow detach-
ment fault must have a higher along-strike per-
meability to channel the fluids. The concentra-
tion of shallow convection between the detach-
ment fault outcrop and the apex of the fold is
probably due to higher vertical permeability there
produced by the high density of joints and the
absence of significant sedimentation. The ab-
sence of fluid venting and related secondary con-
vection on the landward side of the apex may be
due either to less-developed jointing or to sedi-
mentation clogging the joints or a combination of
both. In addition, the proximity of the frontal
slope produces gravitational stresses which may
help in developing jointing and opening existing
joints. It also favours erosional slumping and
scouring by currents.

Relating fluid migration along the shallow de-
tachment fault to deeper flow along the main
décollement is rather speculative. If our interpre-
tation is correct, the upper outer unit (i.c. the
shallow wedge-shaped deformed structure) is,
over its entire width, mechanically decoupled
from the lower sequences. Thus the shallow de-
tachment fault is connected to the second major
thrust T1b, where the inner unit thrusts over the
outer unit. Evidence for fluid venting, including
cylindrical chimneys and white patches, was dis-
covered during one dive at the emergence of this
thrust, suggesting that this fault is a major con-
duit possibly connected to the main décollement.
Although we have no argument for fluid migra-
tion along the main décollement in the Nankai
prism, our interpretation of the fluid path is not
incompatible with such a deep origin for the
fluid. :

9, Conclusion

During the previous Kaiko cruise, we found
that the surface trace of the eroded frontal thrust
was the site of active seeps within the Tenryu
Canyon [11,16]. A different situation prevails 40
km to the east, where the probable outcrop of the
frontal thrust is buried below much sedimenta-
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tion of talus and shows no active seep. It is
reasonable to assume that the absence of seep is
due to clogging of the fault outcrop by sedimenta-
tion. However, our detailed structural analysis
suggests that fluid flow is still tectonically con-
trolled, but further upslope. Fluid is channelled
along a complex shallow detachment fault zone
outcropping about 20-40 m below the apex of the
first fold. The seeps are confined to the outward
slope of the fold between the detachment fault
zone and the apex. Arguments based on chemical
and thermal data have been used to propose that
the less-diluted fluids come along the shallow
detachment fault and that more diluted fluids,
produced by secondary shallow convection, seep
out below the colonies on the outward slope of
the fold through the dense joint network. Fluid
venting is thus controlled by the active thrusting
along the shallow detachment fault, the absence
of sedimentation and the presence of erosion,
and by increased vertical permeability due to
tectonic jointing. Similar shallow detachment
faults exist at the toe of the Barbados accre-
tionary wedge [3], where they may also act as
conduits for long-distance fluid migration.
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