Geochemistry
Geophysics
Geosystems

3

G

Article
Volume 9, Number 4
4 April 2008
Q04010, doi:10.1029/2007GC001708

AN ELECTRONIC JOURNAL OF THE EARTH SCIENCES
Published by AGU and the Geochemical Society

ISSN: 1525-2027

Click
Here
for

Full
Article

Multifrequency geoacoustic imaging of fluid escape
structures offshore Costa Rica: Implications for the
quantification of seep processes
Ingo Klaucke
Leibniz Institute of Marine Sciences, IFM-GEOMAR, Wischhofstrasse 1-3, D-24148 Kiel, Germany
(iklaucke@ifm-geomar.de)

Douglas G. Masson
National Oceanography Centre, Southampton, University of Southampton, Waterfront Campus, European Way,
Southampton SO14 3ZH, UK

C. Jörg Petersen
Leibniz Institute of Marine Sciences, IFM-GEOMAR, Kiel, Germany
Now at Department of Geology, University of Tromsø, Drammsveien 201, N-9037 Tromsø, Norway

Wilhelm Weinrebe
Leibniz Institute of Marine Sciences, IFM-GEOMAR, Wischhofstrasse 1-3, D-24148 Kiel, Germany

César R. Ranero
Leibniz Institute of Marine Sciences, IFM-GEOMAR, Kiel, Germany
Now at ICREA, Instituto de Ciencias del Mar, CSIC, Pg. Marı́tim de la Barceloneta 37-49, E-08003 Barcelona,
Spain

[1] Quantification of fluid fluxes from cold seeps depends on accurate estimates of the spatial validity of
flux measurements. These estimates are strongly influenced by the choice of geoacoustic mapping tools.
Multibeam bathymetry, side-scan sonar, and Chirp subbottom profiler data of several mound-shaped cold
seeps offshore central Costa Rica show great variety in morphology and structure although the features are
only a few kilometers apart. Mound 11 (a 35 m high and 1000 m in diameter structure), situated in the SE
of the study area, has an irregular morphology but a smooth surface on side-scan sonar data, while mound
12 (30 m high, 600 m across) is a cone of more regular outline but with a rough surface, and mound Grillo
(5 m high, 500 m across) shows the same rough surface as mound 12 but without relief. Video observations
and sediment cores indicate that the structures are formed by the precipitation of authigenic carbonates and
indications for extensive mud extrusion are absent, except for one possible mudflow at mound 11.
Different sonar frequencies result in variable estimates of the extent of these mounds with low frequencies
suggesting much wider cold seeps, consequently overestimating fluid fluxes. The absence of mud
volcanism compared to accretionary prisms where mud volcanism occurs is related to different tectonic
styles: strong sediment overpressure and thrust faulting in typical accretionary prisms can generate mud
volcanism, while subduction erosion and normal faulting (extension) of the overriding plate at the Costa
Rican margin result in fluid venting driven by only slight fluid overpressures.
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1. Introduction
[2] Fluids at continental margins play an important
role in a number of geological processes. They are
believed to lubricate fault planes and the decollement of subduction zones [Segall and Rice, 1995],
they may accumulate and form exploitable reservoirs of hydrocarbons [Kvenvolden, 1999], and
they are likely to influence the stability of submarine slopes [Sultan et al., 2004]. The expulsion or
seepage of fluids at continental margins frequently
leads to the precipitation of authigenic carbonates
that modify sedimentary processes along the margin, and finally, the fluids constitute the energy
source for a number of diverse and complex
ecosystems [Sahling et al., 2002]. In order to
estimate and quantify the impact of fluid seepage
on local ecosystems [Linke et al., 2005] and
methane budgets [Mau et al., 2006] a number of
model calculations have recently been proposed
[Dickens, 2003; Luff and Wallmann, 2003]. These
models require knowledge of fluxes and extrapolation of these fluxes regionally or even globally.
Measuring fluxes is a problem on its own, but the
extrapolation of such estimates must rely on geoacoustic mapping in order to determine the abundance of seeps, and thus the spatial validity of the
flux measurements.
[3] Our analysis of different geoacoustic data sets
from a small area offshore Costa Rica shows that
the choice of mapping tools strongly influences
estimates of the extent of fluid seeps. These data
sets include multibeam bathymetry and a range of
side-scan sonar data, but only very high-resolution
side-scan sonar data allow determining the processes that are active at the seep site. Such highresolution data consequently give insight into the
fluid flow system at the erosional Costa Rican
margin and indicate that fluid-escape features off-

shore Costa Rica are significantly different from
cold seeps at accretionary convergent margins.
These differences include the absence of mud
volcanism and a high degree of authigenic mineral
precipitation and so relate to fluid chemistry, the
degree of seep activity and the processes of fluid
escape. All these differences will be documented in
the present paper and can be attributed to the
tectonic style related to subduction erosion processes at the Costa Rican margin. This shows that
extrapolation of flux measurements from individual seeps to regional or global models is only likely
to be valid if it is based on detailed mapping and
includes knowledge of the tectonic environment.

2. Fluid Seepage at Continental
Margins
[4] The expulsion of liquids, gases and fluid sediment at continental margins covers a wide range of
processes including not only mud volcanism, mud
diapirism and gas flares, but also continuously
seeping methane-rich fluids leading to cold vent
sites and even catastrophic outbursts of overpressured gases [Hovland et al., 2005]. Submarine mud
volcanoes in particular have attracted much attention since their discovery some 20 years ago
[Langseth et al., 1988]. Due to the increasing
availability of multibeam bathymetry data, more
and more mud volcanoes or similar positive morphological features have been discovered [Milkov,
2000; Kopf, 2003]. Mud volcanoes appear to be
most prominent in areas experiencing compressional tectonics and in passive margin settings with
very high sedimentation rates [Kopf, 2003]. More
recently, active gas seepage, long recognized in
shallow marine settings, has also been discovered in
deep water, where it is frequently associated with
near-surface deposits of gas hydrates [MacDonald
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Figure 1. The continental margin offshore Costa Rica showing the different tectonic segments (in black, after von
Huene et al. [2000]) of the oceanic plates (in yellow) and the distribution of fluid-venting-related structures (from
Sahling et al., submitted manuscript, 2008). Dashed lines indicate projected boundaries below the overriding
Caribbean Plate. Yellow and red dots indicate mound-like and fault- or slump-related fluid-venting structures,
respectively. The arrows indicate the direction of plate movements and subduction.

et al., 2002; Heeschen et al., 2003; Damm and
Budens, 2003; Sassen et al., 2004; Klaucke et al.,
2006]. Many of these fluid seepage sites have only
limited relief, often below the detection limit of
standard multibeam bathymetry data. Such sites,
lacking clear evidence for mud expulsion, will in
this paper be referred to geomorphologically as
‘‘mounds,’’ regardless of their actual relief height.
Flux measurements are available for only a few of
these cold seep sites and display variance of several
orders of magnitude between different sites and
even within a particular seep location [Torres et
al., 2002; Hensen et al., 2004; de Beer et al., 2006].

3. Costa Rica Continental Margin
[5] The morphology and structure of the continental margin offshore Central America is controlled
by the subduction of the Cocos Plate beneath the
Caribbean Plate (Figure 1). Offshore Costa Rica,
the oceanic plates have four different morphotectonic segments [von Huene et al., 2000]. These
are from northwest to southeast: rough oceanic
crust generated at the East Pacific Rise, smooth
oceanic crust generated at the Cocos-Nazca spreading centre, a segment containing many seamounts
(the study area is part of this segment), and finally
the hot oceanic crust of the Cocos Ridge (Figure 1).

Subduction of all these segments results in tectonic
erosion of the overriding plate leading to extension
and the formation of large-scale normal faults
within this plate [Ranero and von Huene, 2000;
von Huene et al., 2004; Hensen et al., 2004] and
strong subsidence of the entire margin [Ranero et
al., 2000; Vannucchi et al., 2003]. In addition, the
subduction of seamounts probably accelerates subduction erosion and creates large landslides in the
wake of the subducting seamount [von Huene et
al., 2000]. All these processes provide pathways
for fluid circulation at the Costa Rica margin and a
great number of potential fluid-escape features
have been identified all along the continental slope
[Bohrmann et al., 2002; H. Sahling et al., Fluid
seepage at the continental margin off Costa Rica and
Nicaragua, submitted to Geochemistry, Geophysics,
Geosystems, 2008]. The fluid-escape features
are concentrated along the mid-slope region of
the overriding plate. Several of these fluid-escape
features, and in particular those which are the focus
of this paper, have been sampled and show indications for active emission of methane-rich fluids
[Hensen et al., 2004; Linke et al., 2005; Mau et al.,
2006] and even the presence of gas hydrates
[Schmidt et al., 2005]. Geochemical analyses of
the fluids point toward clay mineral dehydration at
the plate boundary as a likely source of the fluids
3 of 16
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Table 1. Characteristics of Geoacoustic Data Sets Used for This Study

Frequency, kHz
Resolution, m
Penetrationa

EM120 Bathymetry

EM120 Side-Scan

TOBI

DTS1-75

DTS1-410

DTS1-Chirp

11.25/12.6
10

11.25/12.6
10
Several meters

30/32
6
<2 m

75
1
<1 m

410
0.25
Few cm

2–8
15 cma,b
Up to 30 m

a
Estimated.
b

Interpretable vertical resolution.

[Hensen et al., 2004], which would then have
crossed the entire upper plate before emission at
the seafloor. Attempts to quantify methane emissions from measurements of methane concentration
in the water column [Mau et al., 2006] show strong
variability between different vent sites but suggest
that methane emissions at erosive continental margins are less vigorous than methane emissions at
accretionary or passive margins.

4. Geoacoustic Data Sets
[6] The data sets used for this study are full
ocean depth multibeam bathymetry data including backscatter and pseudo-side-scan information, mid-range side-scan sonar, high-resolution
side-scan sonar and high-resolution subbottom
profiles (Table 1).
[7] Multibeam bathymetry data were obtained using the Simrad EM120 on board FS SONNE
during several cruises. The EM120 system operates
at 11.25 and 12.6 kHz and provides 191 beams

with a beam angle of 2  2°. For each beam both
travel time and backscatter amplitude are registered. Finally, the EM120 system also provides a
pseudo-side-scan facility based on continuous recording of backscatter signals. Multiple oversampling of the study area due to closely spaced tracks
and reduced beam angle allowed processing of the
EM120 data to a grid size of 10 m (Figure 2).
[8] Mid-range side-scan sonar data were acquired
with the Towed Ocean-Bottom Instrument (TOBI)
operated by the National Oceanography Centre,
Southampton. TOBI uses 30/32 kHz side-scan
sonar with a swath width of just under 6 km and
concurrent 6–10 kHz Chirp subbottom profiler.
During the FS SONNE cruise SO163-I TOBI
was towed about 350 m above the seabed at a
speed ranging between 2 and 2.5 knots. Given the
horizontal beamwidth of 0.8° for the side-scan
sonar, this speed generates a footprint varying from
8  4 m in the near range (500 m) to 40  2 m in
the distal range (3000 m). TOBI data were pro-

Figure 2. Shaded relief map of the study area offshore Costa Rica showing the two summits of mound 11 as well as
mound 12 farther to the northwest. Note that mound Grillo and mound #103 are not resolved by this type of data.
4 of 16
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Figure 3. TOBI 30 kHz side-scan sonar mosaic of the study area. High backscatter is shown in light tones. The
dashed white line shows the limit of two sonar tracks.

cessed with a pixel size of 6 m using the PRISM
package [Le Bas et al., 1995].
[9] High-resolution side-scan sonar data were
obtained using the DTS-1 system operated by
IFM-GEOMAR during FS SONNE cruise
SO173-1. The DTS-1 is a modified EdgeTech
dual-frequency Chirp system working with frequencies centered on 75 and 410 kHz giving a
maximum range of 750 and 150 m, respectively.
The 75 kHz signal is a 14 ms long pulse of 7.5 kHz
bandwidth giving an across-track resolution of
5.6 cm. The 410 kHz signal has a bandwidth of
40 kHz and 2.4 ms duration for an across-trackresolution of 1.8 cm. Towing speed averaged
2.5 knots and the data have been processed for a
pixel size of 1.0 and 0.25 m respectively, using
PRISM. The DTS-1 also includes a Chirp subbottom profiler operating with a 2–8 kHz pulse of
20 ms duration providing up to 40 m of subbottom
penetration and a vertical resolution of a few

decimeters. Navigation of the DTS-1 towfish used
an ultra-short baseline system providing a nominal
precision of 10–20 m, although empirical errors
based on mismatch between adjacent survey lines
are in the order of 30–40 m.
[10] Side-scan sonar systems operating at different
frequencies not only give different horizontal resolution, but also give variable degrees of subbottom signal penetration and volume backscatter
[Mitchell, 1993]. Comparison between the sidescan sonar images from the different systems used
in this study and information from the 2–8 kHz
subbottom profiler indicate that the 75 kHz sidescan sonar signal penetrates less than 2 m, while
the 30 kHz side-scan sonar signal appears to
register features that are buried by almost 5 m of
sediment.
[11] Interpretation of the geoacoustic data sets
largely depends on video observations, in situ
biogeochemical measurements and sediment cores
5 of 16
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Figure 4. DTS-1 75 kHz side-scan sonar image and interpretation of the study area. High backscatter is shown in light tones.
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Figure 5. DTS-1 410 kHz side-scan sonar image of mound 11 showing possible small mud extrusion at summit A.
The interpretation of towed video profiles of Mau et al. [2006], showing the occurrences of bacterial mats (red
circles) and carbonates (green outlines), is superimposed. Positioning accuracy of both the side-scan sonar and video
data is estimated at ±25 m.

that have been described previously [Mörz et al.,
2005; Linke et al., 2005; Schmidt et al., 2005; Mau
et al., 2006].

without relief named mound Grillo and a small,
crest-shaped mound corresponding to seep #103 of
Sahling et al. (submitted manuscript, 2008).

5. Characteristics of Fluid-Escape
Structures

5.1. Mound 11

[12] Offshore Costa Rica and Nicaragua a great
number of cold seeps related to different structures
including landslides, seamount subduction scars,
mounds, backscatter anomalies and faults have
been identified (Sahling et al., submitted manuscript, 2008). Four of the smaller, mound-shaped
cold seeps aligned along a NW-SE direction are the
focus of this study (Figure 3). From southeast to
northwest these are mound 11 [Linke et al., 2005],
mound 12 [Schmidt et al., 2005], a seep structure

[13] Mound 11 is the southeasternmost of the four
cold seep structures in the study area. It has two
distinct summits (A and B, Figure 2) reaching up to
25 m above the surrounding seafloor. The two
summits are 300 m apart and a small slope gully
appears to cross the slope between them. Each of
the summits is composed of several individual
edifices, each up to 250 m in diameter (Figure 4).
The surface of these edifices, as of mound 11 in
general, is remarkably smooth. This smoothness is
particularly well imaged by 410 kHz side-scan
sonar data (Figure 5) and contrasts strongly with
7 of 16
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Figure 6. EM120 backscatter image showing the variable extent of high backscatter (white) beyond the positive
relief of fluid-escape structures. Solid black lines are the outline of mounds on 30 kHz TOBI side-scan images, and
dashed lines are the outline of high backscatter intensity on 410 kHz side-scan images.

the other fluid-escape features in the area. There
are no indications for ‘‘outliers,’’ which means that
all fluid-seepage activity is concentrated within the
double summit area; even backscatter data from the
multibeam system does not suggest a wider affected area at depth (Figure 6). Smoothness of the
seafloor at mound 11 is probably the effect of
sediment cover, as most of the surface of mound
11 is covered by at least 2 m of fine-grained
sediments as shown by several gravity cores and
by video observation [Schmidt et al., 2005]. The
sediment cover does not necessarily imply low
fluid-flow activity as video observation of mound
11 showed the presence of bacterial mats at both
summits [Hensen et al., 2004; Mau et al., 2006].
Bacterial mats are indicative of elevated methane
fluxes and the possible occurrence of gas hydrates
at depth [Schmidt et al., 2005].
[14] Two tongue-shaped zones of intermediate
backscatter intensity are apparent on either side

of summit A of mound 11 (Figure 5). Each of the
two lobes covers about 1500 m2. These features
could be mud extrusions, but mud extrusions are
not known elsewhere on the entire continental
slope offshore Costa Rica and Nicaragua. In the
absence of ‘‘ground-truthing’’ the feature could
also be interpreted as sediment-draped carbonates
or small debris flows coming from the steep mound
flanks.

5.2. Mound 12
[15] Mound 12 shows a character different from
that of mound 11, although the two mounds are
only slightly more than 1 km apart. Lower-resolution side-scan sonar images (Figures 3 and 6)
indicate a much wider extension of mound 12 at
depth than at the seabed, although even at depth it
is still well separated from mound 11. Mound 12
consists of only one cone-shaped summit with 30 m
relief. Geoacoustically, mound 12 shows a three8 of 16
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Figure 7. The 2 – 8 kHz Chirp subbottom profiles crossing fluid-escape features offshore Costa Rica. For profile
location, refer to Figure 4. Arrows indicate where profiles crossing mound 12 intersect. Note the presence of the
transparent units on the flanks of mound 12.

fold organization, especially on 75 kHz side-scan
sonar data (Figure 4). The southern and northern
flanks of the mound show backscatter intensities
similar to the surrounding sediment, while the
summit and the western flank show high backscatter intensity. Subbottom profiler data (Figures 7a
and 7b) show that the typical mound facies of the
central mound area is covered by a few meters of
sediment on the northern and southern flanks, but
only very thinly on the western flank. This western

flank is characterized by a 0.05 km2 zone of very
high backscatter intensity with little internal variation. The high backscatter area is bounded by a
small, 100–150 m wide halo of moderate backscatter intensity. The central area of mound 12, on
the other hand, shows alternating bands of high
backscatter intensity and shadows. These bands are
oriented along a NW-SE trend. Very high resolution side-scan sonar images of this area delimit
individual, irregular patches, each a few tens of
9 of 16
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Figure 8. DTS-1 410 kHz side-scan sonar image of mound 12. The interpretation of towed video profiles of Mau et
al. [2006], showing the occurrences of bacterial mats (red circles) and carbonates (green outlines), is superimposed.
Positioning accuracy of both the side-scan sonar and video data is estimated at ±25 m.

meters in diameter, that appear to have a small
positive relief. Video observation [Linke et al.,
2005; Mau et al., 2006] suggests that these correspond to carbonate precipitates at the seafloor
(Figure 8). A few patches of very high backscatter
intensity without relief also exist. Organization of
these patches along the NW-SE trending bands
shown on 75 kHz side-scan sonar images is not
obvious. However, one alignment of high backscatter intensity and similar NW-SE orientation
is visible and interpreted as a superficial fault
(Figure 8). This fault connects to an elongate
carbonate edifice farther north and suggests an
underlying fault-control on the distribution of carbonate precipitates. The 75 kHz side-scan image
also shows slope-parallel alignments of high backscatter intensity revealing downslope steps in the
bathymetry. Whether these steps correspond to
fault traces or indicate slope instability cannot be

distinguished beyond doubt with the present data
set. The irregular path of the step at the lower
margin of the study area (Figure 4), however,
points toward a sediment failure.

5.3. Mound Grillo
[16] Another cold seep feature similar to mound
12, although with a relief of less than 5 m, is
located about 1 km northwest of the latter. Here,
individual patches of high backscatter intensity
ranging from less than 10 m to a few tens of
meters in diameter are shown on 410 kHz sidescan sonar images (Figure 9). Ground-truth data for
these features is not available but by analogy with
mound 12 they are interpreted as carbonate precipitates. These patches correlate well with areas of
high backscatter intensity on 75 kHz side-scan
sonar imagery, but lower-frequency imagery
10 of 16
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Figure 9. DTS-1 410 kHz side-scan sonar image of the partially buried mound Grillo.

(Figure 3) shows a much larger area of elevated
backscatter intensity about 500 m in diameter. This
wider extent of the cold seep at depth is confirmed
by 2–8 kHz subbottom profiles that image a 5 m

thick layer of acoustically almost transparent
deposits outside of the central seep area, overlying
a strong reflection interpreted as the top of seeprelated carbonates (Figure 10). However, subbot-

Figure 10. The 2 – 8 kHz Chirp subbottom profile crossing mound Grillo and the mound 12 area. Note the
transparent deposits surrounding mound Grillo compared to crossings of mound 11 and mound 12 (Figure 7). Profile
location is indicated on Figure 4.
11 of 16
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tom penetration of up to 5 m for the 30 kHz TOBI
side-scan sonar data strongly exceeds previous
estimates of 30 kHz side-scan sonar penetration
[Mitchell, 1993]. Sonar signal attenuation must
consequently be much lower than previously estimated or the surficial sediments surrounding the
central seep location generate higher backscatter
intensities than the normal background sediments,
perhaps due to the presence of gas hydrates,
seepage-enhanced carbonate cementation, or burial
underneath a recent debris flow deposit. All of the
latter processes, however, would also result in
higher backscatter intensities on 75 kHz side-scan
sonar data. This is not observed and the sediment
layer covering the interpreted seep-related carbonates appears homogeneous.

5.4. Mound #103
[17] A fourth fluid-escape feature is located some
800 m north of mound Grillo (Figures 3 and 4).
This cold seep is characterized by a 250 m long,
irregularly shaped ridge oriented NW-SE. Multibeam backscatter information indicates a much
wider extent of this structure at depth with dimensions similar to those of the other cold seeps in the
area (Figure 6).

6. Discussion
[18] Are the significant differences between different
cold seeps offshore Costa Rica, as shown by geoacoustic data, the result of different processes leading
to their formation? Why are there no mud volcanoes
offshore Costa Rica as there are in most accretionary
prisms? An attempt to look at a wider picture may
provide some answers to these questions.

6.1. Mechanism of Fluid Escape
[19] Since the discovery of fluid-escape features
with positive relief offshore Costa Rica [Shipley et
al., 1990; McIntosh and Silver, 1996; Bohrmann et
al., 2002] these features have been termed mud
volcanoes [Shipley et al., 1990; McIntosh and
Silver, 1996], mud diapirs [Hensen et al., 2004;
Schmidt et al., 2005; Linke et al., 2005; Mörz et al.,
2005] or mud extrusions [Mau et al., 2006]. None
of these terms appears to be justified in the light of
detailed field observation. Mud volcanoes are
characterized by mudflows or ponded fluidized
mud [Brown, 1990], neither of which has been
observed on the continental slope offshore Central
America, except for a possible small occurrence at
mound 11.

[20] Mud volcanism and mud diapirism depend on
the formation of overpressured mud at depth.
These overpressures are generally attributed to
rapid sedimentation or tectonic loading. Buoyancy
then drives movement of the mud, which can
entrain fluids or create pathways for fluids through
shear zones at the edges of the diapir. Fluids can be
incorporated into the mud leading to different
expressions of mud extrusion ranging from coneshaped mud volcanoes to mud pies. Such features
have been described from many accretionary
prisms or passive margin settings with high sedimentation rates [e.g., Henry et al., 1990; Loncke et
al., 2004]. High sedimentation rates are generally
assumed to be a pre-requisite for the generation of
overpressured mud. Offshore Central America,
however, sedimentation rate and slope sediment
thickness are low. Thickening of sedimentary units
as a result of thrusting, as in accretionary prisms,
does not occur in the erosive margin offshore
Central America. As a consequence conditions
for the formation of mud volcanoes are not met.
On the other hand, thrust faults require higher fluid
overpressures than normal faults for fluids to flow
[Sibson, 1981; Behrmann, 1991]. Normal faulting
is active across most of the erosive margin offshore
Central America [Ranero and von Huene, 2000;
Ranero et al., 2007]. As a result, methane-rich
fluids generated at the plate boundary by clay
mineral dehydration and/or thermal degradation
of organic matter migrate through the overriding
plate, along the faults, to seep at the seafloor
[Hensen et al., 2004; Ranero et al., 2008]. When
these fluids interact with seawater, carbonates and
other authigenic minerals will precipitate, a process
that is strongly mediated by the anaerobic oxidation of methane [Ritger et al., 1987; Boetius and
Suess, 2004]. The style of fluid-escape and the
absence of mud volcanism appear to be related to
the underlying tectonics of the subduction zone.
Accretionary subduction zones generate mud volcanoes in the accretionary prism during rapid
shortening, loading and pore water migration.
Limited fluid escape farther up the slope may also
create mud volcanoes related to out of sequence
thrusting and deeper fluid origin. Erosive subduction zones such as the study area offshore Costa
Rica, on the other hand, provide different pathways
for fluid seepage. Due to pervasive normal faulting,
fluids can migrate upward without a requirement
for high overpressures, which may be reflected in
the predominance of authigenic carbonate precipitation and a lack of mud extrusion. This possibly
also explains the concentration of fluid-escape
features along the middle slope offshore Costa
12 of 16
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Rica. In accretionary prisms, fluid-escape commonly occurs near the deformation front (e.g., in
Barbados [Langseth et al., 1988]) where mud
volcanoes have been described [Henry et al.,
1990]. Mud volcanoes are also common features
of the Mediterranean Ridge [Camerlenghi et al.,
1992; Huguen et al., 2004] or the Sorokin Trough
in the Black Sea [Ivanov et al., 1996], which are
both evolved accretionary prisms. On the other
hand, side-scan sonar data from the Cascadia
accretionary margin show the widespread distribution of authigenic carbonates but no mud volcanoes
[Johnson et al., 2003]. Consequently, the tectonic
and hydrological system of the Costa Rican margin
[Ranero et al., 2008] probably precludes the formation of mud volcanoes, but the absence of mud
volcanoes is not a distinctive criterion for erosive
margins.

6.2. Mound Evolution
[21] Although closely spaced, the four seep locations studied have distinctly individual characteristics. In the absence of deeper penetrating seismic
data it is not known whether they connect to a
common reservoir at depth. The seeps are aligned
in a NW-SE direction, which also appears as a
preferred orientation at the scale of individual
mounds. Carbonate precipitates at mound 12 are
aligned in this direction (Figure 4). This orientation
coincides with the general trend of slope-parallel
normal faulting along the Costa Rica margin
[Hensen et al., 2004; Ranero et al., 2008] that in
turn are a consequence of subduction erosion and
suggests that normal faults may govern the distribution of seeps in the study area.
[22] Lateral migration of seep activity along a fault
might be responsible for the observed trend from
the sediment-covered mound 11 to the fresh mound
12 and a nascent, still mostly buried mound Grillo,
a trend that is clearly indicated by both morphology and echofacies. Estimates of methane flux
emanating from the mounds [Mau et al., 2006]
also supports this trend showing higher activity at
mound 12 than mound 11, although data for mound
Grillo are missing. On the other hand, mound 11 is
still active [Hensen et al., 2004; Schmidt et al.,
2005] and does not appear to be clogged by
carbonate precipitates. Furthermore, lacking detailed observations and flux estimates at mound
Grillo, the alternative explanation that mound
Grillo is a dying mound rather than a nascent
mound cannot be discarded. An alternative explanation for the observed differences in morphology

and echofacies, based on the location of the seeps
on the continental slope, also appears plausible.
The continental slope around the seeps is dissected
by several canyons and small gullies (Figure 2). It
appears that mound 11 is located within a small
canyon, while mound 12 sits on top of a ridge
between canyons and mound Grillo is located
within the next canyon, but could be buried under
some recent mass flow deposits. In general, the
roughness and appearance of the mounds depends
on the balance between fluid flow rate and sedimentation rate (with both potentially being variable). Mound Grillo has been submerged under a
recent mass-flow deposit (Figure 10), mound 12
experiences normal hemipelagic sedimentations
rates and mound 11 has probably seen some recent
erosion by sediment flows.

7. Implications for Fluid-Flow
Measurements and Modeling
[23] Fluids escaping at the seafloor may influence
ocean chemistry, biogeochemical turnover and climatic changes in ways that are not yet quantified.
An increasing number of attempts are being made
to quantify fluxes of fluids and chemical species at
cold seeps. These attempts are ideally based on
direct measurements of these fluxes [e.g., Linke et
al., 2005] or involve geochemical modeling in
order to explain measured geochemical profiles
[e.g., Hensen et al., 2004; Haeckel et al., 2004].
However, both profiles and flux measurements are
spatially limited, and the general validity of what
are essentially point measurements can only be
determined through detailed mapping of the vent
site. Video control of the sampling site is a prerequisite, but the area to which the measurements
can be extrapolated requires mapping with geoacoustic tools. As the present analysis shows, only
very high resolution geoacoustic data can provide a
resolution that is comparable to video observations.
Such high-resolution data are a prerequisite for
estimating the validity of point flux measurements
in a regional context, and for extrapolation to
regional flux values. Low-frequency sonar data
probably overestimate the extent of cold seeps as
these data also image buried features. Current
published flux estimates are generally not based
on high-resolution sonar mapping and must be
regarded with the necessary caution. In the case
of mounds 11 and 12, for which flux estimates
exist, Hensen et al. [2004], on the basis of pore
water data, report a bacterial mat at mound 11 to be
the most active site, while Mau et al. [2006]
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conclude a methane flux of one magnitude higher
at mound 12 compared to mound 11. As our highresolution sonar images show, both mounds show
strong spatial facies variations that most likely
reflect different degrees of fluid seepage. Whether
these facies variations reflect actual seep processes
or represent relict features can only be resolved by
dating the carbonate precipitates. In any case,
simple extrapolation of local geochemical flux
measurements to the entire mound will result in a
high degree of uncertainty.

8. Conclusions
[24] Multifrequency side-scan sonar imagery provides a good understanding of cold seep structures
at the seafloor and in the shallow subsurface. The
resolution of very high frequency side-scan sonar
is comparable to video mapping but lacks information about ‘‘soft’’ environments such as bacterial mats. Ground-truthing remains essential in the
interpretation of the sonar data.
[25] Fluid-escape structures off Costa Rica are
mainly composed of authigenic carbonate precipitates and lack extensive mud extrusions. This
reflects the control exerted on fluid flow by the
tectonic regime of the area, which is dominated by
normal faulting due to subduction erosion. Normal
faulting dominates tectonics in erosional margins
worldwide [Ranero and von Huene, 2000; von
Huene and Ranero, 2003; Sage et al., 2006;
Ranero et al., 2006]. Margins of this type form
about 50% of all convergent margins [von Huene
and Scholl, 1991] and thus the conclusions of this
study are possibly representative of global trends.
[26] Differences in the reflectivity pattern of closely spaced mound structures is most likely the result
of differential burial by mass wasting deposits and
continental slope erosion.
[27] Extrapolation of flux measurements at cold
seep sites strongly depends on the choice of the
geoacoustic sensor that is used for mapping. Only
very high resolution (high-frequency) sensors will
provide the basis for reasonable regional flux
estimates.
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