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Abstract Two seismic sections offshore Arauco and
Coyhaique, Chile, have been analysed to better define the
seismic character of hydrate-bearing sediments. The veloc-
ity analysis was used to estimate the gas-phase concentra-
tion, which can serve to correlate hydrate presence to the
geological features. The velocity model allowed us to
recognise the hydrate layer above the bottom simulating
reflector (BSR), and the free gas layer below it. The
velocity field is affected by strong lateral variation,
showing maximum (above the BSR) and minimum (below
the BSR) values in the southern sector. Here, highest gas
hydrate and free gas concentrations were calculated (15%
and 2.7% of total volume respectively). The estimated
geothermal gradient ranges from 35 to 95°C/km. In the
northern sector, the highest gas hydrate and free gas
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concentrations are 15% and 0.2% of total volume respec-
tively, and the geothermal gradient is uniform and equal to
about 30°C/km.

Introduction

During the last decades, the scientific community has spent
considerable effort on studies of gas hydrate in oceanic and
permafrost environments. In fact, gas hydrate occurrence
has a global significance because of the potential energy
resource represented by the large amount of hydrocarbon
trapped in the hydrate phase (Milkov 2004). Moreover, gas
hydrates may play a role in global climate change
(Kvenvolden 1998; Kennett et al. 2003) and geo-hazards,
because of drilling and the setting up of seabed installations
(Hovland and Gudmestad 2001).

The detection of a bottom simulating reflector (BSR) by
using seismic methods has allowed to define the distribu-
tion of gas hydrate (e.g. Shipley et al. 1979; Hyndman and
Spence 1992; Berndt et al. 2004). The BSR is associated
with the interface between overlying sediment containing
gas hydrate, which increases compressional seismic veloc-
ity, and underlying sediment containing free gas, which
decreases compressional seismic velocity (Hyndman and
Spence 1992; MacKay et al. 1994). The BSR has been
identified in seismic sections in several geological settings,
such as in sediments along both convergent and passive
margins (Shipley et al. 1979).

Our study area is located along the south central Chile
margin on the continental slope between 38 and 45°S
(Fig. 1). This area is characterized by the subduction of the
Nazca Plate below the South American continental plate.
The Nazca Plate is subducting at a rate of about 66 km/
million years (Angermann et al. 1999; Kendrick et al.
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Fig. 1 Location map of the SO161-44 and RC2901-734 seismic lines (solid lines). Bathymetry derived by satellite gravimetry (Sandwell and

Smith 1997)

2003). High heat flow, associated with the active spreading
ridge, has greatly elevated the thermal gradients near the
ridge (Bangs and Brown 1995). ODP Leg 141 near the
Chilean triple junction furnished an estimate of about 18%
and 1% of volume of gas hydrate and free gas concen-
trations respectively (Brown et al. 1996). In addition,
during the Pliocene, an inversion from erosive to accre-
tionary conditions occurred in the fore-arc basin (Melnick
and Echtler 2006).

Along the Chilean continental margin, BSRs have been
detected these last decades during several geophysical
cruises. In particular, a BSR has been recognised along
the accretionary prism by several authors (Bangs et al.
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1993; Brown et al. 1996; Diaz-Naveas 1999; Morales 2003;
Grevemeyer et al. 2003; Vargas Cordero 2009). An
important aspect related to gas hydrates is the estimate of
gas concentration in the pore space by using seismic data.
For this reason, both compressional and shear wave
velocities provide information about the presence, distribu-
tion and amount of gas hydrate and free gas in marine
sediments (Tinivella and Accaino 2000). A quantitative
estimate of gas hydrate and free gas concentrations is
obtained by fitting the theoretical velocity field with the
experimental velocity field (Tinivella 1999; Tinivella et al.
2002). We decided to use a simplified theory, instead of
more refined theory (i.e. Carcione and Tinivella 2000;
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Chand et al. 2004), because of the lack of direct measure-
ments. In this case, in fact, the main error is due to
assumptions of sediment properties.

With the aim of studying gas hydrate along the Chilean
continental margin, we analysed two seismic lines, the one
located in the northern sector, offshore Arauco, the other in
the southern sector offshore Coyhaique (Fig. 1). In fact, our
main goal is to map the occurrences of gas hydrates along
the Chilean margin and to estimate gas hydrate and free gas
concentrations by using seismic data.

The procedure adopted includes (1) determination of the
velocity field by using pre-stack depth migration (PSDM),
(2) geological interpretation of velocity anomalies and (3)
determination of gas hydrate and free gas concentrations by
using reference velocity in the absence of gas hydrates and
free gas. Then, from sea floor, BSR depths, and sea bottom
temperature, the geothermal gradient was estimated. More-
over, to better analyse the seismic properties of the hydrated
layer, the instantaneous amplitude was calculated and the
values at the BSR were extracted to obtain information
about its variability along the margin.

Material and methods
Seismic data

We analysed seismic data acquired by the RV Sonne
(January—February 2001) within the framework of the
project “Subduction Processes off Chile (SPOC)” and by
the RV Conrad (January—February 1988) within the
framework of the project “Mid-Ocean Spreading Ridge
(Chile Ridge)” of the Ocean Drilling Program (ODP). We
selected the SO161-44 and RC2901-734 seismic lines
respectively (Fig. 1).

The SO161-44 seismic line was acquired using a 3,000-
m-long digital streamer with 132 channels; from channel 1
to 24 the intertrace was 12.5 m, while from channel 25 to
132 it was 25 m. The seismic source was a tuned array of
20 airguns, providing a total volume of 54.1 1, with a shot
spacing of 50 m. The RC2901-734 seismic line was
acquired with a 3,000-m-long digital streamer, with 240
channels and an intertrace of 12.5 m. The seismic source
was a tuned array of ten airguns with a total volume of
61.3 1, and a shot spacing of 50 m.

Seismic processing was performed by means of the open
source Seismic Unix (SU) software (Cohen and Stockwell
2001).

Advanced processing and velocity model building

In order to identify those areas where a detailed velocity
analysis would be necessary, we performed standard

processing to produce stacked and post-stacked migrated
sections (Vargas Cordero 2009). After the identification of
the BSR in the post-stacked time migrated sections, we
selected a part (about 20 km) of the two lines to perform
advanced processing, this being the area where the BSR
was strongest and most continuous. The target was to
obtain a detailed velocity model by using the PSDM
(Kirchhoff algorithm) iteratively and with a layer stripping
approach. This method adopts the output of the pre-stack
depth migration, the common image gathers (CIGs), to
iteratively determine an accurate velocity field (Liu and
Bleisten 1995; Yilmaz 2001). To define the initial velocity-
depth model, we created a uniformly spaced grid with
constant velocity. We used the paraxial ray tracing method
to compute the wavefront traveltimes (Beydoun and Keho
1987); the traveltimes in shadow zones are compensated by
solving the eikonal equation (Cerveny 1985; Beydoun and
Keho 1987). The method that we used to estimate the
velocity is based on the analysis of two outputs of the
PSDM. Liu and Bleisten (1995) calculated two migration
outputs with the same phase, but with different amplitudes.
The one uses the original amplitude, the other the small
perturbation of the original amplitude. Thus, the ratio of the
amplitudes of these two outputs will evaluate the residual
velocity. After the PSDM, if the migrated reflections in the
CIGs are flat, we can assume that the correct migration
velocity to migrate the data is used (Yilmaz 2001). On the
contrary, the dip of the reflections in the CIGs indicates
error in the migration velocity choice. In this latter case,
residual moveout analyses measure the deviations by using
the semblance in order to correct the curvatures on the
CIGs (Liu and Bleisten 1995).

The energy in the semblance is quantified by the
r-parameter, which is a measurement of the flatness
deviations of the reflections along the offset. If the
r-parameter has a negative value, then it means that the
velocity needs to be increased; for a positive value, it needs
to be decreased. A zero r-parameter means that the velocity
used is correct. To obtain an interval velocity in selected
layers, we focused the velocity analysis on selected
reflections. At each selected reflection, the updating of the
velocity was performed by choosing the r-parameter
corresponding to the maximum energy in the semblance,
and translating the value of the r-parameter in terms of
velocity error at the depth corresponding to the selected
reflection depth. The updated velocity model was then used
to compute a new migration; the procedure stopped when
the energy was well focused around the r-parameter equal
to zero for all selected reflections.

We assumed a constant initial velocity equal to
1,480 m/s (water seismic velocity), assuming horizontal
and vertical spacing of the grid equal to 10 and 25 m for the
SO161-44, and 10 and 12.5 m for the RC2901-734 sections.
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Once the first PSDM was performed, we selected the CIG
semblance r-parameter corresponding to the sea floor reflec-
tion. We reached a satisfactory result after three and five
iterations for the SO161-44 and RC2901-734 seismic sections
respectively. Then, we started the velocity analysis for a
second layer (top: the sea floor; bottom: a horizon between the
sea floor and the BSR, hereafter called horizon 1). After 25
and 28 iterations for the two lines respectively, we fixed the
velocity for the second layer. A third layer (top: horizon 1;
bottom: the BSR) was updated after 40 and 30 iterations for
the two lines respectively. Finally, we updated the velocity in
the free gas zone, i.c. below the BSR and above a reflection
that locally corresponds to the so-called base of free gas
reflector (BGR), after 20 and 26 iterations for the two lines
respectively. A velocity gradient was included below the BGR
and the final velocity models were smoothed before
performing the final PSDM; this was because the migration
is more stable if the velocity model is smoothed (Liu and
Bleisten 1995). Note that the gas hydrate and free gas
quantities were estimated using models without smoothen-
ing. In order to obtain an accurate image and to attenuate the
stretching effects, we produced a stacked section of the CIGs
considering the maximum offset of 2,500 m. A trace mixing
and band-pass filter were applied to final stacked sections of
the CIGs.

In order to check the reliability of our final velocity
models, we perturbed the model by +5% below the sea
floor, and performed two new PSDMs for each seismic line.
We evaluated the semblances considering these perturba-
tions. Figure 2 shows the semblances of the RC2901-734
seismic line of a selected CIG. Note that the energy is well
focused only in the middle panel, suggesting that our

Fig. 2 Semblances of the CIG
42500 obtained performing the 500 0.2
PSDM for the RC2901-734
seismic line by using the final
velocity model decreased by 5%
below sea floor (leff), the origi-
nal model (middle) and the
velocity model increased by 5%
below sea floor (right). The
energies at the sea bottom and
the BSR are indicated by arrows
(see text)
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0 02

-5%
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velocity model has an error of less than 5%, in agreement
with previous studies (Tinivella et al. 2002).

BSR-derived geothermal gradient

It is possible to calculate the geothermal gradient (d7/dZ)
by using the following formula:

dT/dZ = (Tesr — Tsea)/(Zesr — ZsEn)

where Tpsg and Tsgpa are the temperatures at the BSR and
the sea floor (Grevemeyer et al. 2003) respectively, and Zgsg
and Zgga are the corresponding depths. The BSR and the sea
floor depths were obtained from the PSDM sections; the sea
floor temperature (equal to 2.2°C) was taken from CTD
measurements off Chile from ODP Leg 141 (Grevemeyer
and Villinger 2001). The estimate of temperature at the BSR
is based on the dissociation temperature-pressure function of
gas hydrates (Dickens and Quinby-Hunt 1994; Sloan 1998).
We considered two cases: (1) only methane and (2) methane
and ethane. In fact, the data indicate that other gases were
present, mainly ethane with a saturation of 1% (Froelich et
al. 1995). For this reason, we considered a mixture of
methane (99%) and ethane (1%).

Estimation of gas hydrates and free gas quantities

The method for estimating gas hydrate and free gas
concentrations consists of comparing seismic velocities
with theoretical velocity curves in the absence of free gas
and gas hydrate, using these as a reference velocity profile.
We followed a modified Domenico’s approach in order to
reproduce the velocity field in the absence of gas, i.e. full
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water saturation (Tinivella 1999). A qualitative estimate of
concentrations was obtained by comparing the theoretical
velocity for full-water saturation to the seismic velocity,
evaluated by the PSDM velocity analysis. Positive anoma-
lies indicate the presence of gas hydrates, while negative
anomalies indicate the presence of free gas. A quantitative
estimate was obtained by fitting the theoretical velocity to
the experimental velocity (velocity model obtained by
PSDM), increasing the parameters of the theoretical model
related to the gas-phase concentrations. The method can
model two main distributions to calculate the concentra-
tions of free gas in the pore space: uniform distribution (gas
and water in pore space) and patchy distribution (all gas in
patches without water). In our case, we considered a
uniform distribution of free gas in pore space, because of
the low velocity observed in the free gas layer (less than
1,300 m/s; Tinivella 2002). To model the velocity reference
curve, we used information regarding the porosity trend
available in the literature (Diemer and Forsythe 1995;
Grevemeyer and Villinger 2001). In the northern sector, we
modelled the reference velocity by fixing the porosity at the
sea floor equal to 70%, because of the absence of direct
measurements. In the southern sector, we used a variable
shallower porosity along the seismic section in order to
model the well information (ODP leg 141; Diemer and
Forsythe 1995); the shallower porosity is equal to 65%
from the beginning of the seismic line until 11,000 m (see
Fig. 3), and equal to 50% from 13,000 m to the end of the
seismic line. In the middle, we assumed a linear variation of
the shallower porosity. The formulas to model the reference
porosity are:

éNorthern sector — @i —0.80z + 0.2522
gZi)Southcrn sector — gZi)i — 0.816z + 036122

where (pNorthem sector and (pSouthem sector aIc the reference
porosities in the northern and southern sectors respectively,
@; is the porosity at the sea floor, and z is the depth below
the sea floor in km.

Results

Velocity model, PSDM and instantaneous amplitude
sections

The procedure used to perform the PSDM section allowed
us to reconstruct the velocity field and to obtain an accurate
depth image. In the northern sector (SO161-44), the final
velocity model shows a high velocity layer (1,800—
2,000 m/s) above the BSR, which can be associated with
the presence of gas hydrate. Below the BSR, local low
velocities of about 1,550 m/s were detected, associated with

the presence of free gas (Fig. 3). In the southern sector
(RC2901-734), the high velocity layer associated with the
presence of gas hydrate reaches a maximum value of
2,200 m/s, while below the BSR a continuous low velocity
layer associated with the presence of free gas reaches a
minimum value of 1,250 m/s. A strong lateral velocity
variation is evident along the sections. In particular, in the
southern sector the hydrate layer shows a minimum value
of about 1,700 m/s, which corresponds to a structural high,
whereas the maximum value of about 2,200 m/s is present
in the fore-arc basin (Fig. 3).

In the northern sector, the PSDM section allowed us to
recognise a discontinuous BSR at a depth of 500 mbsf
(meter below sea floor), while in the southern sector a
strong, continuous and shallower BSR (about 180 mbsf)
was recognised. The BGR was identified in both sections,
showing a strong continuity only in the southern sector;
here, we determined a free gas thickness of about 70 m
(Fig. 3). In the southern sector, by contrast, the stratification
of the fore-arc basin sediments is mainly parallel to the sea
floor and, therefore, it is difficult to recognise the BSR.

The instantaneous amplitude of the BSR varies along the
sections and is inversely proportional to the velocity below
the BSR, as expected (Fig. 3). Where the BSR is strong and
continuous, the instantaneous amplitude shows the highest
values, while around faults and fluid escape zones the
lowest values are recognised, as confirmed by a less evident
BSR (Fig. 3).

BSR-derived geothermal gradient

By using the sea floor and the BSR depths, and knowing
the sea bottom temperature (equal to 2.2°C; Grevemeyer
and Villinger 2001), we estimated the geothermal gradient.
In the northern sector, the geothermal gradient is about
30°C/km. By contrast, in the southern sector a variable
geothermal gradient was recognised: the maximum value,
equal to 95°C/km, is obtained near the structural high; the
minimum value, equal to 35°C/km, is obtained eastwards
and westwards (Fig. 4).

Estimation of gas hydrate and free gas quantities

The results of the gas-phase estimates indicate high
variability along the sections. Note that in the southern
sector the estimate was evaluated considering a variable
geothermal gradient (from 35 to 95°C/km) to obtain a more
reliable result.

In the northern sector, the highest gas hydrate concen-
tration is located between 9,000 and 13,000 m
corresponding to the accretionary wedge (about 15% of
total volume; Fig. 5). A similar trend is recognised in the
southern sector, where the highest values are located in
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Fig. 3 Final velocity model superimposed on to the pre-stack depth-
stack migrated section. /nsert Detail of the depth section in proximity
of the structural high, in which the BSR and the BGR are evident. a

vicinity of the accretionary prism (about 15% of total
volume; Fig. 5). On the other hand, the highest free gas
concentrations (0.2% of volume) in the northern sector are
detected where highest gas hydrate concentrations are
present, whereas in the southern sector we observed a free
gas distribution with an opposite trend compared to the
hydrate distribution. In fact, the highest free gas concentra-
tion (2.7%) is located close to the structural high, where the
lowest gas hydrate concentration is present. Along this line,
towards both sides, the concentration decreases, reaching a
value of about 1% (Fig. 5). Finally, in the northern sector
we obtained an average of gas hydrate and free gas
concentrations equal to 8% and 0.1% respectively, while
in the southern sector the average concentrations are equal
to 6% and 1% respectively.

Figure 6 shows the modelled porosity along the two
seismic sections in which the gas hydrate effect is

@ Springer

Northern sector, b southern sector. Above each section, the instanta-
neous amplitude of the BSR is reported and normalized to the
maximum value. Vertical exaggeration 1:5

considered. The reference and seismic velocities are
reported at selected distances in order to emphasise the
velocity increase/decrease caused by the presence of
hydrate/free gas.

Discussion and conclusions

The seismic velocity analysis indicates strong lateral
variations in both analysed seismic lines. In the northern
sector, we found that the highest and lowest velocities are
observed only where the BSR is present (Fig. 3). Note that
the reflector selected below the BSR can only be locally
associated to the BGR. In the southern sector, above the
BSR, the lowest velocity is observed in proximity to the
structural high. By contrast, the highest velocity is present
in the fore-arc basin. We supposed that in this area the high
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velocity can be related to two main factors: (1) gas hydrate
presence and (2) changes in petro-physical properties related
to the different compaction of marine sediments. In fact,
continental glaciation effects documented along the southern
part of the Chilean margin (Rabassa and Clapperton 1990)
may cause porosity reduction and consequent velocity
increases. Thus, we supposed that in the southern sector
the values that we can estimate for gas hydrate concentration,
from seismic velocity, must be significantly decreased. For
this reason, in the northern sector, we considered a constant
reference velocity, while in the southern sector we assumed a
variable reference velocity curve along the section, as
explained above, in order to obtain a more realistic
estimation of gas hydrate. Below the BSR, we observed an
opposite trend: the free gas zone is thicker where the BSR is
shallower. Moreover, the lowest velocity observed in
proximity of the structural high is in agreement with the
hypothesis that it can be considered as a geometrical trap for
the accumulation of fluid. Thus, fluid migrates upwards, is
transformed into gas hydrate, which in turn reduces

of gases (99% methane and 1% ethane). The sea floor and the BSR
depths are indicated by the red solid line and red circles respectively.
Vertical exaggeration 1:5

permeability and, consequently, allows new fluid to accu-
mulate below it.

We can draw similar conclusions analysing the estima-
tion of the gas-phase concentrations derived by the velocity
models. In fact, the high velocity above the BSR means
high gas hydrate concentrations (until 15% in both the
northern and southern sectors) and the low velocity below
the BSR means high free gas concentration (0.2% and 2.7%
in the northern and southern sectors respectively). We wish
to stress that, in the absence of direct measurements, our
estimate is affected by inaccuracy and the main reliable
result is the information about the relatively variable
distribution of both hydrate and free gas in the pore space
along the margin. Nevertheless, our estimation is consistent
with the values obtained by other authors analysing
different data in the same area (Bangs et al. 1993; Froelich
et al. 1995; Brown et al. 1996). For example, Brown et al.
(1996) estimated that the gas hydrate concentration ranges
from 5 to 20% of volume, while the free gas concentration
ranges from 1 to 3% of volume. In any case, our procedure
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can be used to determine variability at a regional scale, as
confirmed by the order of magnitude of our estimate.

The BSR is generally present along the inner part of the
accretionary prism. In the northern sector, the BSR is strong
and continuous mainly between 9,000 and 13,000 m,
becoming discontinuous in the vicinity of structural highs
(Fig. 3). In the southern sector, the BSR is present from the
middle part of the accretionary prism to the first part of the
fore-arc basin. In this part, the BSR disappears possibly due
to three main reasons: (1) high sediment compaction, which
reduces porosity and the connection between pores
(Rabassa and Clapperton 1990); (2) parallel sediment
stratification, which masks the presence of the BSR; (3)
absence of gas, due to lateral migration towards the
structural high.

In the southern sector, the seismic section provides
evidence of the presence of a structural high that acts as a
structural trap for gas and fluid. The presence of active
faults and fluid circulation is also related to the strong
variability in BSR depth. In fact, in the southern sector the
BSR depth varies from 250 mbsf (in the middle of the
accretionary prism) to 130 mbsf (in the structural high),

@ Springer

reaching its maximum (330 mbsf) in the fore-arc basin.
This depth variability is due partially to the different water
depth and partially to the variable geothermal gradient,
from 35 to 95°C/km (Fig. 4), caused by fluid migration
that affects the gas hydrate stability field. The maximum
depth of the BSR, reached in the fore-arc basin, is
associated with the decrease of geothermal gradient from
65 to 40°C/km. This strong decrease could be caused by a
combination of reduced fluid circulation, increased sedi-
mentation rates, or morphological effect, as can occur
along the flank of a structural high (Ruppel 1997; Ganguly
et al. 2000). In the northern sector, the BSR depth reaches
500 mbsf. Here, the higher BSR depth (compared to the
southern sector) can be explained by the high water depth
and by the presence of a lower geothermal gradient (about
30°C/km). It is worth mentioning that our estimated
geothermal gradient values are in agreement with pub-
lished values reported in the literature (Bangs et al. 1993;
Brown et al. 1996; Grevemeyer et al. 2003).

As described above, the gas-phase distribution is
different in the two sectors. Three main reasons can explain
the different trends between the hydrate and free gas
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concentrations. The first one is related to the possible
difference in sediment permeability between the northern
(high permeability) and the southern (low permeability)
sectors. In fact, high permeability favours hydrate forma-
tion in a thick layer. By contrast, low permeability favours
gas hydrate formation just at the limit of the stability zone
(i.e. BSR) in a thin layer that acts as a sealed layer for free
gas accumulation (Klauda and Sandler 2001). Moreover,
note that the porosity used to evaluate the reference velocity
in the two sectors is in agreement with this hypothesis
(highest porosity in the north and lowest porosity in the
south).

The second reason is related to a different flux of fluid
flow. In the northern sector, we estimated a lowest
geothermal gradient, which can be associated with a slow
flux and, consequently, a major possibility to form a thick
gas hydrate layer. In the southern sector, on the other hand,
the estimated high geothermal gradient in proximity of the
structural high can be related to a rapid flux that prevents
the formation of a thick hydrate layer, which in turn would
act as a sealed layer favouring high free gas accumulation
below it (Roberts et al. 2006). Finally, it is important to
emphasise the different BSR depths in the two sectors
(about 2,500 m in the north and about 900 m in the south):
from a seismic point of view, this means a different velocity
resolution. In fact, the maximum offset (i.e. the maximum
velocity depth that can be determined by seismic analysis;
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Yilmaz 2001) is almost the same in the two cases (about
3,000 m), suggesting that the velocity across the BSR in the
southern sector can be better solved than is the case with
the northern sector. Maybe, all these points can contribute
to explain the different relationships between hydrate and
free gas distributions along the Chilean margin.

In conclusion, our study suggests that gas hydrate can
play an important role in this part of the Chilean margin, for
two main reasons. The first one is related to gas hydrate as
a potential resource. In fact, the local high concentrations of
both hydrate and free gas suggested by previous studies and
the present study could be considered as future energy
resources. The second reason is related to geo-hazards due
to intense seismicity affecting the region (Grevemeyer et al.
2006; Lange 2008). A possible strong earthquake could
generate anomalous sea waves, which represent important
geo-hazards for human activities in the coastal zone. On the
other hand, an earthquake can destabilise hydrates, ampli-
fying the geo-hazard phenomena, as evidenced by several
authors (cf. Mienert et al. 2005). Moreover, the high
amount of free gas, presumably in overpressure condition
and present in vicinity of the structural high in the southern
sector, could be naturally released and trigger submarine
slides towards the sides of the structural high, inducing
hydrate instability. These scenarios should be taken into
account in environmental studies in this part of the Chilean
margin.
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