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Abstract The central Chilean subduction zone between
35°S and 37°S was investigated in order to identify, docu-
ment and possibly understand fluid flow and fluid venting
within the forearc region. Several areas were mapped using
multibeam bathymetry and backscatter, high-resolution
sidescan sonar, chirp subbottom profiling and reflection
seismic data. On a subsequent cruise ground-truthing obser-
vations were made using a video sled. In general, this data-
set shows surprisingly little evidence of fluid venting along
the mid-slope region, in contrast to other subduction zones
such as Central America and New Zealand. There were
abundant indications of active and predominantly fossil
fluid venting along the upper slope between 36.5°S and
36.8°S at the seaward margin of an intraslope basin. Here,
backscatter anomalies suggest widespread authigenic carbon-
ate deposits, likely the result of methane-rich fluid expulsion.
There is unpublished evidence that these fluids are of biogenic
origin and generated within the slope sediments, similar to
other accretionary margins but in contrast to the erosional
margin off Central America, where fluids have geochemical
signals indicating an origin from the subducting plate.

Introduction

Fluids play an important role in a number of processes at
active continental margins. Fluids contribute to the lubrica-
tion of faults and plate boundaries and consequently

influence the occurrence, distribution and magnitude of
earthquakes (Hubbert and Rubey 1959; Miller 2002; Ranero
et al. 2008). They can weaken sediment cohesion and help
trigger submarine landslides (e.g. Dugan and Flemings
2000; Sultan et al. 2004). Fluid flow often results in the
accumulation of hydrocarbons in sediments at continental
margins, and their emanation at the seafloor constitutes the
basis for complex ecosystems (e.g. Paull et al. 1984).
Despite these implications, our understanding of the role
of fluids in these processes is still rather rudimentary. Diffi-
culties arise in combining large-scale, indirect observations
of fluids by seismic or electromagnetic methods with
detailed geochemical characterisation of the fluids. In the
absence of coring or drilling, fluid sampling can only be
carried out at sites where fluids seep out at the seafloor.
Locating such sites is ideally carried out with sidescan sonar
mapping (e.g. Sahling et al. 2008; Klaucke et al. 2010),
which can even provide indications for current seep activity
(e.g. Klaucke et al. 2005).

Ranero et al. (2008) have recently integrated various
datasets of studies on the Pacific margin of Central America
and proposed a hydrological model for erosional active
margins. They suggest that fluids from subducting sedi-
ments mainly migrate along normal faults and emanate at
the mid-slope of the forearc region, forming many cold
seeps (cf. Sahling et al. 2008). Although some clustering
was observed, the cold seeps were relatively evenly distrib-
uted in a band several tens of kilometres wide and stretching
for hundreds of kilometres along the Central American
margin. This observation differs from the expected seep
distribution of other accretionary margin fluid circulation
models where fluids would mainly flow along the décolle-
ment and emanate at the toe of the accretionary prism
(Moore and Vrolijk 1992; Carson and Screaton 1998). Such
scenarios have been documented for the Barbados
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accretionary prism (Henry et al. 1990) and the Nankai
Trough (Henry et al. 2002), with the latter showing evidence
for fluid expulsion in a variety of tectonic settings across
and along the margin (Kobayashi 2002). More recent studies
of cold seeps at accretionary margins, however, revealed
evidence that widespread fluid expulsion exists mainly at
the summits of accretionary ridges (e.g. Johnson et al. 2003;
Crutchley et al. 2010; Klaucke et al. 2010) and not neces-
sarily at the toe of the accretionary prism. Unfortunately, to
date there are no comprehensive, high-resolution inventories
of cold seeps along accretionary active margins.

This study presents mainly geophysical (multibeam
bathymetry, sidescan sonar, chirp subbottom profiler) data
with ground-truth observations of newly discovered active
and fossil cold seeps on the central Chilean continental
margin between 35°S and 37°S. The occurrence of these
seeps on the upper continental slope might further challenge
the current models of fluid circulation at accretionary margins.
However, geochemical data on the origin and nature of these
fluids are not yet available.

Geological setting and previous work

The study area offshore Chile is part of the Andes subduc-
tion zone, where the Nazca Plate is being subducted beneath
the South American Plate at a rate of 80 mm/year (Fig. 1;
DeMets et al. 1994). This part of the Andes subduction zone
underwent subduction erosion until at least the Middle
Miocene (Kukowski and Oncken 2006) or even until the
Pliocene (Melnick and Echtler 2006). Continuing climate
cooling since the Miocene and uplift of the Andean Cordil-
lera led to increased sediment input into the trench (Melnick
and Echtler 2006) and ultimately to the establishment of an
accretionary wedge within the last 1–2 million years (Bangs
and Cande 1997). Consequences of this evolution of the
margin are still visible in the present-day bathymetry. The
Andean slope shows two distinct elements (Fig. 1). The
eastern part of the slope between the shelf break and roughly
2,000 m water depth is characterised by a relatively smooth
topography that is dissected by NE-SW-trending faults and
deeply cut sinuous canyons, while the western part below
2,000 m water depth and down to the trench is characterised
by a rough topography with subparallel, N-S-trending ridges
(Fig. 1). The eastern part of the margin consists of conti-
nental basement rocks that are overlain in the forearc region
by sedimentary rocks of maximum age decreasing from
north to south. North of 38°N, and within the study area,
the oldest sediments are Miocene in age. The South Amer-
ican continental margin south of Valparaiso is dissected by a
number of slope canyons leading to the development of
submarine fans at the foot of the slope (Thornburg et al.
1990). Turbidity currents have spread across the trench

where up to 2.5-km-thick successions of trench-fill sedi-
ments have been observed (Bangs and Cande 1997). In the
western part of the slope, seawards of the continental crust,
is a 20–30 km wide accretionary wedge that probably
formed within the last 1–2 Ma. Geersen et al. (2011) ana-
lyzed the current tectonic regime of the south Chilean fore-
arc and determined strong kinematic coupling for the north
Concepcion segment evidenced by out-of-sequence thrust
faulting and large earthquakes, while the south Concepcion
segment shows currently inactive normal faults. Normal
faults are considered to provide easier fluid pathways than
do thrust faults (Behrmann 1992). Although cold seeps have
been documented in almost all subduction zones worldwide,
data on cold seeps offshore Chile are extremely sparse
except for publications by Sellanes et al. (2008, 2010) that
include faunal assemblages typical of cold seeps from an
area offshore Concepcion and only part of the present study
area. The seeps described in those papers are only at the
very edge of a much larger seep province.

Materials and methods

The present study is based on data gathered during cruise
JC23 of RV James Cook in March/April 2008. These
include Simrad EM120 multibeam bathymetry data that
complemented a wealth of existing bathymetric data from
various other cruises with RV Sonne, RV Meteor and RV
Vidal Gormaz. The bathymetric and backscatter amplitude
data have been gridded with a 200×200 m cell size.

In addition, high-resolution backscatter information has
been obtained using a deep-towed sidescan sonar system.
The DTS-1 system operated by GEOMAR is a modified
EdgeTech dual-frequency sidescan sonar with integrated
subbottom profiler. During cruise JC23B the DTS-1 was
run using a 75 kHz centre frequency with a range of
750 m. Survey speeds of 2.5–3.0 knots enabled data pro-
cessing at 1 m pixel size, thus slightly overestimating the
along-track resolution. The subbottom profiler operated
with a signal of 2–10 kHz frequency and 20 ms pulse length,
providing subbottom penetration of up to 40 m. USBL
navigation for the towfish was not available and towfish
navigation was consequently calculated using a layback
method that takes survey speed into account. The side-
scan sonar data have been processed using the Caraibes
software package from IFREMER or the PRISM pack-
age developed at the National Oceanographic Centre, South-
ampton (Le Bas et al. 1995).

Ground-truthing of the geoacoustic data was carried out
recently during cruise SO210 of RV Sonne in September/
October 2010 using OFOS (Ocean Floor Observation System);
a video sled was towed roughly 1.5 m above the seafloor at a
speed of 0.5–0.8 knots. For navigation, the ultra-short baseline
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USBL-based IXSEA Posidonia system was used in combina-
tion with a graphic display program. Limited seismic data of

deeper subsurface have been obtained using a 105 cubic inch
GI-gun and a four-channel mini-streamer.

Fig. 1 Shaded bathymetry map of the study area on the Andean continental margin offshore central Chile between 35.5°S and 37°S. Illumination is
from the north
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Results

Cold seeps at the Andean continental margin between
Valparaiso and Concepcion occur in at least two distinct
areas based on backscatter intensity maps: along the conti-
nental slope north of Bio Bio Canyon and on a large ridge in
the vicinity of Itata Canyon (Fig. 1).

North of Bio Bio Canyon

The upper continental slope north of Bio Bio Canyon dips
gently towards the west but has three major breaks in slope
forming steeper sections. The westernmost break in slope
roughly coincides with the 1,250 m depth contour line until
about 36°23′S, where it becomes progressively shallower
until it disappears at about 36°28′S (Fig. 1). This break in
slope is generally very smooth except for two locations at
36°15′S and 36°18′S where it shows evidence for faulting
and slumping, and between 36°25′S and 36°28′S where it is
dissected by canyons. A second break in slope is situated
2 km further to the east (i.e. further landwards) between
36°21′S and 36°37′S (Fig. 1). It probably continues further
south to Bio Bio Canyon but detailed bathymetric data are
not available for this area. This second break in slope is
situated in variable water depths increasing from north to
south. Between 36°23′S and 36°27′S it is doubled by a third
break in slope roughly 1 km further inland. These eastern-
most breaks in slope are dissected by several canyons that
follow a WSW–ENE direction that forms an angle both to
the slope and to the seafloor lineations further west.

Evidence for cold seeps is mainly found east of the
shallowest break in slope between 36°22′S and 36°29′S in
water depths ranging between 750 and 850 m. Here, ellip-
soidal to elongate patches of high backscatter intensity
suggest the presence of either authigenic carbonate precip-
itates and/or gas-charged sediments (Fig. 2). Two types of
seabed features thought to be cold seeps can be distin-
guished based on the extension of the high backscatter
intensity and surface morphology. The first type consists
of circular to ellipsoidal patches of increased backscatter
intensity that show less than 10 m of relief (Figs. 3 and
4a). The backscatter intensity within each of these patches is
not uniform but shows internal variations between medium
and high backscatter intensity (Fig. 3). The latter probably
correlates with small rounded domes on sediment echosounder
profiles (Fig. 4a). Putative cold seeps of this type occur as one
cluster centred at 36°28.5′S and 73°40.5′W, and individual
patches surrounding the second type of cold seeps. These seeps
are currently active as evidenced by backscatter anomalies
within the water column of unprocessed sidescan sonar data
(Fig. 3, insert a), and anomalous comet-tail reflections on
sidescan images (Fig. 3). Video observations of these seeps
show the presence of dispersed authigenic carbonates within a

mainly fine-grainedmatrix (Fig. 5a). The presence of sulphidic
sediment and bacterial mats indicates recent methane flux, but
gas bubbles have not been observed during the video survey in
2010.

The second type of putative cold seeps is characterised by
areas of high backscatter intensity of several hundreds of
metres in diameter with highly irregular outlines and form-
ing elongate ridges or domes (Fig. 6a, b). The centre of these
areas is highly irregular, as shown by many hyperbolic
reflections on subbottom profiler records, and may have
central pinnacles that are up to 20 m high (Fig. 4b) and
100×250 m wide. Gas flares on raw sidescan sonar data
indicate that these cold seeps are also currently active.
However, no active gas venting was seen with video obser-
vations conducted several years later. These video data show
extensive carbonate pavements that are in places covered by
a thin veneer of sediment or show cracks underlined by
bacterial mats (Fig. 5b) indicating fluid venting activity.
Large carbonate boulders have also been observed (Fig. 5c).

The cold seeps described by Sellanes et al. (2008) are at
the north-western edge of this major seep province (Fig. 2).
They appear as ellipsoidal areas of high backscatter intensity
that are not associated with high seafloor relief and are
consequently of type 1. The seeps situated just several
hundreds of metres further south and documented here for
the first time are much larger in surface extent, with indica-
tions of authigenic carbonate precipitates and probably fluid
flux.

In the vicinity of Itata Canyon

About 50 km further north of the Bio Bio Canyon area, at
36°S, additional cold seeps are found in similar tectonic
settings (Fig. 1). In this area the northward extension of
the slope break described above abuts against the sinuous
Itata Canyon. Itata Canyon was probably linked to the Itata
River in the geological past, but a relatively smooth canyon
floor suggests it to be inactive now. The path of Itata
Canyon is controlled by NNE-SSW-trending faults that are
responsible for the formation of two ridges on the continen-
tal slope and an intraslope basin (Fig. 1). These ridges are in
turn dissected by WSW-ENE-trending faults.

At one location these faults appear to have been the
pathway for fluids, occurring as patchy high backscatter
intensity around the fault (Fig. 6d) and currently the location
of sediment-covered blocks of authigenic carbonate. This
fossil cold seep has been imaged for at least 1 km surround-
ing the surface expression of the fault. The fossil cold seep
widens from east to west, reaching a width of about 500 m at
the western end of the sidescan sonar profile in Fig. 6d. The
maximum westward extension of this fossil cold seep is not
known. In addition, isolated, small patches of high back-
scatter intensity occur some 1,000–1,500 m further to the
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Fig. 2 Sidescan sonar mosaic
and geological interpretation of
the Talcahuano seep province
north of Bio Bio Canyon. High
backscatter intensity is white.
Red box Seeps reported on by
Sellanes et al. (2008)
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north, forming a major fossil cold seep that is connected in
the subsurface (Fig. 4d). The fossil cold seep is character-
ised in sediment echosounder profiles by very strong ampli-
tudes with highly reflective and diffuse subsurface echoes.
Hyperbolic echoes suggest that the irregular surface of the
cold seep is overlain by 5–15 m of well-stratified and
weakly reflective deposits that correspond to low backscat-
ter intensity of sidescan sonar records. The fossil cold seep
shows a sharp northern boundary and a more progressive
decrease in amplitudes towards the south, resulting in a total
extension along the profile of 3,000 m. Seafloor observa-
tions of this fossil cold seep did not reveal signs of recent
fluid venting activity but the presence of sediment-covered
blocks of carbonate (Fig. 5d) suggests that fluid venting
activity was present at these locations in the past. Indica-
tions for mass wasting deposits (Fig. 5e) have been observed
and confirm the subbottom profiler data, suggesting that
much of the cold seep facies has been buried under recent
deposits (Fig. 4d).

The crest of the westernmost ridge located in 950 m
water depth shows widespread indications for cold seeps
in various stages of decline (Fig. 6c). Sediment echosounder
profiles across the ridge (Fig. 4c) reveal a facies that is
similar to cold seep facies in other parts of the study area.
In particular, one profile shows a 20-m-high and 200×
400 m wide structure similar to those found in the area of
Bio Bio Canyon. This area shows an irregular pattern of
elevated backscatter intensity that reflects the rough surface
of this fossil cold seep. Video observations revealed the
presence of large carbonate blocks and carbonate pavements
with epifauna, sea urchins and empty shells of vesicomyid

clams (Fig. 5f, g), indicating that much of the ridge was
formed by fluid venting but that methane emission has now
ceased. However, in places tubeworms and bacterial mats
suggesting active fluid venting are found in the close vicin-
ity of the large carbonate blocks (Fig. 5g, h).

Other potential cold seeps

In comparison to Central America, the continental slope
offshore central Chile does not show abundant mound struc-
tures. Seafloor mounds present at 36°26′S in 1,500 and
1,750 m depth may represent additional cold seeps. Here
two rounded mounds several tens of metres in height and 1–
2 km in diameter are present (Fig. 1). A similar feature,
although much smaller, is located at 36°03'S/73°32'W.
These features are morphologically similar to mound struc-
tures offshore Costa Rica, but their exact nature has not been
determined.

The slump scars of large submarine landslides have been
documented to host cold seeps (Mau et al. 2006). Bathymetric
data indicate the presence of such submarine landslides on the
lower continental slope offshore central Chile (Fig. 1).
Whether these slump scars contain sites of fluid and gas
emission cannot be determined from the present dataset.

Discussion

Cold seeps have been observed in various subduction zones,
where they are generally concentrated in the forearc region.
However, marked differences have been observed between

Fig. 3 75 kHz sidescan sonar mosaic of individual clustered cold
seeps. Note comet-tail-shaped reflections probably indicating gas bub-
ble streams. High backscatter intensity is white. Insert Anomalies in

the water column (gas flares) of unprocessed sidescan data that are
displayed in reversed polarity
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erosional and accretionary margins. Cold seeps of the ero-
sional Central American subduction zone are dominated by
mound structures (Sahling et al. 2008) and normal faulting
as pathways for fluids that are considered to have been
generated at the plate interface (Hensen et al. 2004; Ranero
et al. 2008). These seeps are found in a typical band of water

depth and distance from the trench, continuous over
hundreds of kilometres along slope (Sahling et al. 2008).
In contrast, the central Chilean subduction zone, which is
now accretionary (Bangs and Cande 1997), shows distinct
clustering of fluid-escape features not unlike that described
from other accretionary margins worldwide, such as

Fig. 4 2–8 kHz subbottom
profiler records crossing cold
seeps offshore central Chile. a
Some of the clustered cold
seeps with little or no relief
(profile location in Fig. 3). b
Widespread indications of
gas and up to 20-m-high
features extending above the
surrounding seafloor (profile
location in Fig. 6a). c Major
ridge southwest of Itata
Canyon, associated with strong
bottom echoes with no penetra-
tion. The highly irregular
seafloor at the northern end of
the ridge probably represents a
chemoherm similar to the
profile in b (profile location in
Fig. 6c). d Small ridge probably
composed of authigenic
carbonates (profile location in
Fig. 6b). e Potential and largely
sediment-covered cold seep in
the vicinity of Itata Canyon
(profile location in Fig. 6d)
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Cascadia (Greinert et al. 2001; Johnson et al. 2003) and
New Zealand (Greinert et al. 2010).

A full geochemical analysis of the fluids emanating at the
central Chilean margin is still underway. However, first

Fig. 5 Video observations of cold seeps along the central Chilean
margin. The scale (ground weight) is 20 cm wide. a Patches of sulphidic
sediment and bacterial mats. b Cracks in carbonate pavement with
manifestations of fluid seepage (bacterial mats and tubeworms). c Base

of the chemoherm in the south. d Sediment-covered block of carbonate. e
Transported shell debris. f Large blocks of carbonate. g Shells of vesico-
myid clams (Archivesica sp.) and large tubeworms of the genus Lamelli-
brachia. h Bacterial mats near a large carbonate block
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isotope analyses of the δ13C of the carbonates that result
from the microbially mediated anaerobic oxidation of meth-
ane and subsequent precipitation of the resulting, isotopically
light CO2 indicate values between −40 and −50‰ VPDB (V.
Liebetrau, personal communication). These values suggest the
methane to be of biogenic origin and probably generated
within the slope sediments. Sellanes et al. (2008) report
carbon isotopic values of −62.8±1.0‰ for gas hydrates and
up to −52.65‰ for dissolved inorganic carbon within the
porewater. This compares well with similar accretionary sys-
tems like the Cascadia subduction zone (Boetius and Suess
2004; Riedel et al. 2006) and the Hikurangi margin (Faure
et al. 2010) where fluids are mainly biogenic in origin. In
addition, the observation of gas flares offshore central Chile
indicates that these systems are probably more active with
higher fluid expulsion rates than those offshore Central Amer-
ica, where no such flares have been observed. Higher fluid
expulsion rates at accretionary margins compared to erosional
margins have also been documented by direct measurements
at Hydrate Ridge and offshore New Zealand (Torres et al.
2002; Sommer et al. 2010). Most likely, the presence of
possible chemoherm structures offshore Chile (Figs. 4b, c,
6a, c) supports the idea of high and prolonged fluid flux, as
the formation of chemoherms requires a high methane flux
that moves the sulphate–methane interface into the water
column (Luff and Wallmann 2003) and consequently enables
the growth of authigenic carbonates into the water column, as
suggested for the chemoherm structures on Hydrate Ridge
(Teichert et al. 2005). The central Chilean subduction zone,
therefore, shows cold seep structures and characteristics

typical of accretionary margins. Chemoherm build-ups are
common features on Hydrate Ridge (Greinert et al. 2001;
Teichert et al. 2005), and active gas emission in the form of
gas bubbles has been described from both Hydrate Ridge
(Heeschen et al. 2003) and New Zealand (Klaucke et al.
2010). However, in these two areas cold seeps are located at
the top of accretionary ridges (Johnson et al. 2003; Barnes
et al. 2010) whereas, offshore Chile, cold seeps appear to be
concentrated at the margin of intraslope basins.

The cold seeps offshore Chile show indications for active
fluid venting in the form of acoustic anomalies in the water
column (Fig. 3a) and bacterial mats covering the seafloor
(Fig. 5a, h). However, compared to the extent of high
backscatter anomalies on the seafloor that reflect authigenic
carbonate precipitates, these manifestations of currently
active cold seeps are scarce. Most of the cold seeps offshore
Chile described here are consequently fossil seeps and point
to either much higher fluid fluxes in the past or fluid flux
over prolonged periods. Particularly the massive carbonate
accumulations of chemoherm build-ups (Figs. 3 and 4) that
are morphologically similar to chemoherm structures
described offshore Oregon (Greinert et al. 2001; Teichert
et al. 2005) require both strong and prolonged fluid flux,
unless they represent the exposed plumbing system of indi-
vidual cold seeps. Indications for strong erosion such as
reported for large mound structures offshore Central
America (Buerk et al. 2010) are absent offshore Chile.
Whether higher fluid flux during sea-level lowstands
(Teichert et al. 2003; Kiel 2009) or prolonged fluid flux with
potentially migrating or shifting centres of fluid venting activity

Fig. 6 75 kHz sidescan sonar
images of cold seeps offshore
Concepcion. High backscatter
intensity is white. For locations,
refer to Figs. 1 and 2. a Seeps
with central chemoherm
pinnacles. b Elongated ridge
probably formed by fluid
venting. c Small seeps and
chemoherms on an accretionary
ridge in the Itata area. Seafloor
images in Fig. 5f and g are just
a few hundred metres north of
this map. d Potential cold seep
in the vicinity of Itata Canyon
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explains the extent of fossil cold seeps offshore Chile can only
be elucidated by dating various authigenic carbonate precipi-
tates (Liebetrau et al. 2010).

Conclusions

Geoacoustic data have shown the presence of large areas
covered by cold seeps in 600 to 1,000 m water depth along
the upper continental slope offshore central Chile. At least
some of these sites are presently active but seep activity
must have been more intense in the past. This significantly
expands known occurrences of both fossil and active cold
seeps in this area. Observed fossil and active cold seep
morphologies and characteristics range from isolated,
rounded high-backscatter anomalies, to clusters of such
anomalies, chemoherm structures, fault traces and potential-
ly entire ridges that were partially formed or have been
overprinted by fluid venting and authigenic carbonate for-
mation. Much of the continental margin offshore central
Chile also shows the presence of a bottom simulating
reflector that is disrupted and bent upwards at the sites of
the cold seeps. Judging by their extent and the concentration
of mainly fossil cold seeps, these sites are among the largest
cold seep areas at active continental margins known to date.
Age and lifespan of the fossil cold seeps are not known, but
fluid flow activity might have been much higher during sea-
level lowstands than today.
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