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Fig. 4. Top: pre-stack depth migration section of the RC2903-790, in which the main faults are indicated (broken red lines); the seismic velocity is over imposed. The
blow-ups indicate a detail of the seismic section. Panels 4a and 4b reported the seismic (solid lines) and modeled (broken lines) velocities at the CDPs 7105 and 8497
respectively. Their position is indicated as black lines in the blow-ups. The discrepancies between the seismic and modeled velocities are interpreted as caused by
hydrate presence. See text for details. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

5. Discussion

The Chilean margin is one of the key area for gas hydrate studies
since a significant amount of methane is suggested to be trapped in the
marine sediments as indicated in global climate change modeling
(IPCC, 2014). Moreover, two major earthquakes had been registered in
the study area suggesting a tectonically active region. Considering this,
we hypothesize a new earthquake in the future, due to an existing
seismic gap, capable to destabilize the hydrate bearing reservoir, and
induce methane release into the ocean. (e.g, Ruppel and Kessler, 2016).

In terms of a development on a larger timescale, today it is assumed
that in the worst case climate change scenario, with a steady warming
of the ocean of 3 °C, around 85% of the methane trapped in the sea floor
could be released into the water column, and part of it could reach the

atmosphere (Bollmann et al., 2010). One of the expected consequences
due to global warming could be the sea level rise due to melting of polar
ice caps and glacial ice (IPCC, 2014); so, the inevitable increase of the
pressure at the sea floor is foreseen. The increase in pressure, however,
would not be sufficient to counteract the effect of temperature increase
that can dissociate the methane hydrates (i.e., Bratton, 1999; Ruppel
and Kessler, 2016). For example, a sea-level rise of 10 m could slow
down the methane-hydrate dissociation caused by a warming of 1°C
only by a few decades (Bollmann et al., 2010). One major goal of the
current gas hydrate research is to provide more precise input para-
meters, in particular the volume of methane trapped in the marine se-
diments as hydrates from geophysical studies, in order to optimize
global climate change models.

In this context, few seismic lines were analyzed to study the

Fig. 5. Gas hydrate concentration model extracted from the velocity models in the southern sectors of the study area. See text for details.
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relationship between the gas hydrate system and geological setting
along the southern Chilean margin. Our analysis points out that seismic
character of the BSR (continuity and amplitude) is strongly variable
showing an increase toward south (Fig. 7). In the northern part of the
study area (50°-53° S), the prism is very narrow and characterized by
intense deformation of prism sediments (Loreto, 2005) making it dif-
ficult for the hydrate to form and, thus, be expressed by a BSR. On the
contrary, in the southern part between 53° and 57° S, we observe a wide
and thicker prism, and its sedimentary sections show clear deforma-
tional structures (folds and faults), which promote formation and pre-
servation of methane hydrates (Vargas-Cordero et al., 2011).

The stronger BSR was identified on seismic profile 1T95-171, de-
scribed by Loreto (2005), where a deep décollement, located near the
top of the oceanic crust, is shown. Thus, nearly all of the about 2.5 km
thick trench sedimentary section is being frontally accreted, increasing
fluid circulation in the sediment layers by progressive loading, and
stimulating methane hydrate formation. Another clear example of a
large accretionary prism is observed on the profile RC2902-790, where
a continuous and strong BSR is identified (Fig. 2).

On the other hand, profile IT97-251 (Fig. 7), close to the FTJ, has no
evidence of a BSR in the whole section, maybe due to the Magallanes-
Fagnano fault system, where deeper fluids could escape to the water
column, making hydrate formation more difficult. This is an instable
and diffuse area of deformation (Forsyth, 1975; Cunningham, 1993)
related with the Magellan-Fagnano fault system. Although this line
shows a 12 km wide accretionary prism, it contains sediments poorly
stratified and intensely deformed by fractures and seaward dipping
discontinuities (Loreto et al., 2007). Besides, this prism is underlain by
a shallow main décollement level, probably preventing fluid circulation
and/or fluid trapping in the sediments.

Finally, the estimated total gas volume in this work is comparable
with recent estimations made in Japan (Bo et al., 2018; Taladay et al.,
2017) and based on the large amount of gas hydrates founded in the
Patagonian area, we propose that this area should be considered as a
methane hydrate concentrated zone (MHCZ). Many efforts need to be
made to improve the knowledge of this area because of its strategic
relevance. In fact, if a massive destabilization occurs, caused by natural
factors (e.g. submarine sliding, earthquake-induced deformation, or
global warming), significant amounts of methane can be released into
the oceans and, as suggested by several authors, into the atmosphere

T
10000

CDP

Fig. 6. Average gas hydrate concentration (solid blue line) and average gas hydrate thickness (solid red line) across the seismic line. The global average values are
indicated with dashed lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(e.g. Ruppel and Kessler, 2016).

6. Conclusions

The results of this search for gas hydrate in the Patagonian Pacific
margin lead us to conclude that:

(1) The hydrate layer is typically located between about 280 and 630
mbsf, and values of BSR-derived crustal heat flow are around
30-70 mWm ~ 2. These are typical values above subduction zones of
oceanic crust older than 10 Ma.

(2) The RC2902-790 seismic profile shows that the layer above the BSR
is characterized by high velocity (1800-2200 ms™!), associated to
gas hydrate presence, and below the BSR shows sectors with velo-
cities characterized by values of about 1600-1700 ms~* that could
be related to free gas presence.

(3) The BSR increases its continuity and amplitude from north to south
and is present in an average of 36% of the total forearc area.

(4) Estimates of the average thickness of the gas hydrate layer are
about 290 m and the average hydrate concentration is about 3.4%
of total volume.

(5) From these estimates, and using a porosity of 50% in a total pro-
jected area of 53,000 km?, the estimated methane budget just from
gas hydrates is about 3 x 10'®>m? at standard pressure-temperature
conditions.

(6) Sudden or slow release of this amount of methane in the event of
gas hydrate dissociation presents a sizeable geological risk that
warrants further, more detailed assessment.

(7) We propose the Pacific margin of Patagonia be considered as a
MHCZ.
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Abstract: Large amounts of gas hydrate are present in marine sediments offshore Taitao Peninsula,
near the Chile Triple Junction. Here, marine sediments on the forearc contain carbon that is converted
to methane in a regime of very high heat flow and intense rock deformation above the downgoing
oceanic spreading ridge separating the Nazca and Antarctic plates. This regime enables vigorous
fluid migration. Here, we present an analysis of the spatial distribution, concentration, estimate of
gas-phases (gas hydrate and free gas) and geothermal gradients in the accretionary prism, and forearc
sediments offshore Taitao (45.5°—47° S). Velocity analysis of Seismic Profile RC2901-751 indicates gas
hydrate concentration values <10% of the total rock volume and extremely high geothermal gradients
(<190 °C-km~1). Gas hydrates are located in shallow sediments (90-280 m below the seafloor). The
large amount of hydrate and free gas estimated (7.21 x 10! m?® and 4.1 x 10'° m3; respectively), the
high seismicity, the mechanically unstable nature of the sediments, and the anomalous conditions of
the geothermal gradient set the stage for potentially massive releases of methane to the ocean, mainly
through hydrate dissociation and/or migration directly to the seabed through faults. We conclude
that the Chile Triple Junction is an important methane seepage area and should be the focus of novel
geological, oceanographic, and ecological research.

Keywords: BSR; gas hydrate; methane; seepage; active margin; Chile Triple Junction

1. Introduction

Gas hydrate is a crystalline ice-like solid formed by a mixture of water and gasses, mainly methane,
giving place to a clathrate structure [1,2] that can be stored in the pore space of marine sediments under
low temperature (<25 °C) and high pressure (>0.6 MPa) conditions. Methane gas may be produced
biogenically at shallow depths or may migrate from a deeper source through advective transport
along pathways such as fracture networks, faults, or shear zones (e.g., [3]). Since the gas hydrates
are rich in methane, 1 m? of hydrate will yield 0.8 m? of water and 164 m3 of methane at standard
pressure and temperature (STP: 0 °C, 0.101325 Mpa) conditions [4], and a significant amount of hydrate

Geosciences 2019, 9, 28; d0i:10.3390/ geosciences9010028 www.mdpi.com/journal/geosciences
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represents unconventional and potential energy resources [5]. Moreover, gas hydrates play a part in
global climate change, geo-hazards, and potential drilling hazards (e.g., [6-10]).

It is possible to identify gas hydrates in marine sediments using seismic profiles. The main
indicator is the so-called Bottom Simulating Reflector (BSR), whose presence is related to the
impedance contrast between high velocity gas hydrate-bearing and the underlying low velocity
free gas layer [11-14]. Gas hydrate occurrences along the Chilean margin have been reported in many
places by analysing the available seismic profiles (e.g., [11,14-27]), as well as more recently by direct
identification of cold seeps emitting methane at the seafloor [28-34]. The first discovery of a seepage
area was in 2004, offshore Concepcion. Afterwards, other bathyal seep sites were identified, mainly by
the presence of typical seep communities: (a) off the Limari River at ~30° S (~1000 m water depth); (b)
off El Quisco at 33° S (~340 m water depth); and c) off the Taitao Peninsula at ~46° S (~600 m water
depth) [30-37].

Cold seeps sites are found in both active and passive margins and are related to the expulsion
of methane-rich fluids. Chemosynthetic communities have been observed along active margins
characterized by a well-developed accretionary prism, and along tectonically erosive margins [38]. The
Chile Triple Junction (CTJ) area is a spectacular example of tectonic erosion (e.g., [39]). Even though
many investigations are associated with seepage identification and gas expulsion quantification (gas
bubbles) (e.g., [29,38,40—-42]), there are few cases where the objective was to estimate the size of the gas
source, as concentrations of gas hydrate and free gas [43].

Furthermore, the studies that report estimates of gas hydrates concentrations along the Chilean
margin are scarce, even though, in the last decades, gas-phase concentrations have been estimated
by fitting modelled velocity with theoretical velocity in the absence of gas [44]. These estimates
reach an average of 15% and 1% of the total volume of gas hydrate and free gas concentrations,
respectively [22,24,25,27]. A recent investigation of the southernmost Chilean continental margin
showed that a regionally extensive methane hydrate reservoir, characterized by high gas hydrate and
free gas concentrations, is present in the Patagonian marine sediments [27]. This could be an important
natural resource for Chile, but because of the hydrate decomposition, this also potentially poses a great
environmental threat.

On the other hand, the Chilean south-central margin is one of the tectonically most active
regions on Earth, with very large and mega-scale earthquakes occurring every 130 and 300 years,
respectively [45]. The margin segment close to the CTJ is characterized by high seismicity [46,47] that
may trigger submarine sediments sliding and eventual gas hydrate dissociation. Some authors suggest
that large subduction zone earthquakes have the potential to trigger hydrocarbon seepage to the ocean
and possibly to the atmosphere (e.g., [29,48]). In this context, known gas hydrate quantities stored
beneath marine sediments play an important role in the geohazard assessment. Besides, in subduction
zones such as the Chilean margin, fluids play a key role in the nucleation and rupture propagation of
earthquakes [49], and are a major agent of advective heat transfer from depth to the Earth’s surface. For
this reason, it is crucial to know the pathways where methane-rich fluids could migrate. The release
of this methane stored in the forearc wedge could have consequences for the ocean and atmosphere
systems, and the destabilized gas hydrate-bearing sediments are a formidable geohazard, in the form
of submarine slumps, induced earthquakes, and tsunamis (e.g., [2,6,50-54]).

The particularity of the Chilean margin close to the CTJ, with anomalous heat flow and high
seismicity, together with the presence of hydrothermal systems (e.g., [55]) and possible seafloor seeps,
offers a unique scenario to study hydrate deposits. The aim of this study is to characterize and estimate
the methane concentrations (hydrate and free gas phases) stored in the marine sediments in order to
understand the potential amount of this gas that could be released through these natural pathways,
likely affecting the geochemical properties of the seawater and, consequently, the marine ecology.
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Geological Setting

The CTJ (Figure 1) is the site of the intersection of three tectonic plates: Nazca, Antarctic, and
South America [39,56,57]. Here, the Chile Rise (CR), an active spreading centre, is being subducted
beneath the South American continental margin. Ridge subduction began near Tierra del Fuego
~14 million years ago (Ma) and then migrated northwards to its current position north of the Taitao
Peninsula (e.g., [15]). The Nazca plate subducts beneath South America in an ENE direction at a rate
of about 70 km-Ma ! north of the CTJ, and the Antarctic plate subducts in an ESE direction at about
20 km-Ma ! south of the CTJ (e.g., [56]). The CR spreading rate has been estimated to have been about
70 km-Ma~! over the past 5 Ma, but within the last 1 Ma, it has slowed down to about 60 km-Ma~!

(e.g., [58]).

G

i 1 a0

Figure 1. Location map of the study area offshore Taitao Peninsula. The bathymetry is based on
GEBCO_08 Grid (version 20091120, http:/ /www.gebco.net) and integrated with the IFREMER grid
(cruise of the R/V L'Atalante, 1997). Tectonic setting of the Nazca, Antarctic, and South American
plates: dashed black lines show the main Fracture Zones (FZ), red star marks a triple junction of the
plates (CT]J), and dashed square corresponds to Figure 2.
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Figure 2. Heat flow (in m-Wm™2) large-scale colour-coded based on BSR-derived heat flow and heat
probes available for the area studied (after [26]). See text for description.

Close to the CTJ, the gas hydrate environment has peculiar characteristics relative to hydrate
occurrences elsewhere. In fact, the ridge-trench collision perturbs pressure and temperature (PT)
conditions within the sediment where hydrates have formed [11]. Excessively high heat flow, higher
than 250 m-Wm 2, was estimated above practically zero-age subducted crust (Figure 2). This is based
on heat flow values derived from the depth of gas hydrate bottom-simulating reflectors [26,59] and
direct measurements during the last decades [57,60].

The BSR-derived heat flow values are in general agreement with probe and borehole
measurements [61]. Besides, high temperature gradients of 80-100 °C-km~! were obtained at the toe
of the continental wedge (e.g., Site 863 in Figure 2), just above the subducted zero-age crust [55]. The
thermal anomaly in the region varies rapidly due to the presence of a strong convective circulation [62].

More recently, explorative work at the seafloor close to the CTJ has provided evidence for a
sediment-hosted hydrothermal source near (~50 km) a methane-rich cold-seep area [63]. Advective
methane transport operates within 5 km of the toe of the accretionary prism [59,64]. However, in
the interior regions of the wedge, free gas migration and in situ gas production (within the hydrate
stability region) build-up the hydrate [15], and BSR-depth towards the trench appears to rise in the
sediments in proximity of the spreading ridge [15,26].

Moreover, gas at the base of the hydrate layer at the CT] could also be produced from hydrate
dissociation when changes in PT conditions shift the zone of hydrate stability upward, not only due to
the accumulation of overburden, but also due to changes in PT conditions associated with active ridge
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subduction [11]. Increasing heat flow, associated with the approach of the CR, may have caused the
base of the hydrate stability field to migrate ~300 m upwards in the sediments [15].

In this complex region, we find both active margin tectonic regimes: subduction erosion and
subduction accretion occurring in close proximity (e.g., [65]). Bourgois et al [66] assumes that the
tectonic evolution of the Chile margin in the area reflects the evolution of the tectonic regime at depth:
subduction erosion from 5-5.3 to 1.5-1.6 Ma, followed by subduction accretion since 1.5-1.6 Ma. [67],
indicates that subduction accretion occurring today along the pre-subduction segment is linked to a
dramatic post-glacial increase in trench sediment supply. From evidence found by drilling at Ocean
Drilling Program (ODP) Site 863 (Figure 2) at the CTJ proper, it was concluded that accretion ceased in
late Pliocene, and presently, the small frontal accretionary prism is undergoing tectonic erosion [39,55].

2. Materials and Methods

2.1. Database

The analyzed seismic line was acquired in 1988 onboard the vessel R/V Robert Conrad within the
framework of the project entitled “Paleogene geomagnetic polarity timescale” for Empresa Nacional
del Petroleo (ENAP). The seismic profile was acquired using an air gun array with a size of 0.062 m3.
The shot spacing was approximately 50 m, and the streamer length was 3000 m and included 236
channels with an intertrace of 12.5 m. The seismic line RC2901-751 analyzed in this study was modelled
to estimate gas hydrate and free gas concentrations.

During ODP Leg 141, the Site 863 located a few km south of the CT]J was drilled along the profile
RC2901-751 in an area where the axis of the spreading ridge is subducting at 50 ka (Figure 2). Porosity
and temperature data were obtained from this site.

2.2. Methods

The processing was performed using open source Seismic Unix software and codes ad-hoc [68]
and includes a tested method reported in several studies [14,22,24,25,27,43,69]: (a) BSR identification,
(b) seismic velocity modelling, (c) gas-phases estimates, and (d) geothermal gradient estimation.

(a) BSR identification: a stacking section was obtained by using standard processing (i.e. geometry
arrangement, spherical divergence, velocity analysis, normal-moveout corrections, stacking, and
filtering). The objective was to identify the BSR in a selected part of the stacking section. Once the BSR
was recognized, the seismic velocity was modelled.

(b) Seismic velocity modelling: An in-depth velocity model was obtained using the Kirchhoff
Pre-stack Depth migration (PreSDM) iteratively with a layer stripping approach (details in [70,71]).
This approach uses the output of the PreSDM, the common image gathers (CIGs) [71]. In the seismic
profile, three layers were modelled: the first between the seawater level and the seafloor reflector (SF
layer); the second between the seafloor and the BSR (BSR layer); and the third between the BSR and the
Base of Free Gas (BGR layer). It started with an initial constant velocity model equal to 1480 ms’!. After
four iterations, the SF reflector in the CIGs was flat, suggesting that the migration velocity was correct.
The correct migration for BSR and BGR was reached after 25 and 15 iterations, respectively. Below
the BGR, a velocity gradient was included and, to improve the migration result, the final velocity
model was smoothed. Finally, band-pass filtering and mixing were applied to improve the final
PreSDM image. The sensitivity was considered a depth error equal to 2.5% proposed by [22] after a
sensitive test.

(c) Gas-phases estimates: Once the final velocity model had been built, it was converted into
gas hydrate and free gas concentrations. At first, a qualitative estimate was performed, comparing
the modelled velocity curves against theoretical curves in the absence of gas. Afterwards, positive
anomalies were associated with gas hydrate presence, while negative anomalies were related to free
gas presence. Modified Hamilton’s curves [72] were adopted to estimate the theoretical velocity curves
in the absence of hydrates and free gas or full water saturated sediments [73]. Gas hydrates and free
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gas concentrations were modified until the velocity model fitted the theoretical model, to obtain a
quantitative estimate. The resultant is a concentration model in terms of total volume (for more details
see [44]). Regarding the sensitivity, errors for gas hydrate and free gas estimates were assumed to be
equal to 1.2% and 0.3% of volume, respectively. These errors were evaluated by [74], who performed a
sensitive test to determine the influence of each parameter on the estimation of gas hydrate and free
gas content. In fact, the main error was related to the assumptions of sediment properties.

(d) Geothermal gradient estimation: The geothermal gradient, indispensable to calculating the
theoretical BSR-depth, was estimated using the following relation:

dT/dZ = (Tpsr — Tsga )/(ZBsr — Zsga), (1)

where BSR and seafloor depths (Zpsr, Zsga) were extracted from the PreSDM section. Seafloor
temperatures (Tsgs) were based on measurements from CTD data collected during ODP Leg 141 [75],
while BSR temperatures (Tgsr) were based on the dissociation temperature-pressure function of gas
hydrates [4]. Our estimation only considers methane because ethane concentration is negligible [22].
With regard to sensitivity, an error of depth equal to 2.5% was considered for seismic data [22].

3. Results

3.1. BSR Identification

The Kirchhoff PreSDM section (Figure 3) shows:

(a) A normal fault at a distance of 7 km representing the boundary between the lower and upper
part of the continental rise and slope, respectively. Moreover, evidence of slip affecting the seafloor, as
shallow faults and fractures, is registered from 8 to 15 km of distance;

(b) A strong and almost continuous BSR on the section that only gets weak or null where faults
and fractures appear. Below the BSR, it is possible to recognize a weak but continuous reflector
interpreted as BGR and, so, a free gas layer with a thickness of about 70 m;

(c) A variable depth of the BSR ranging between 80 and 150 m below seafloor (mbsf). The
maximum depth of BSR was detected at about 2200 meters below sea level (mbsl) from 0 to 6 km,
while the minimum depth (about 80 mbsf) was identified upwards (from 7 to 16 km). From 16 to 21 km
of distance (in the “uplift part” of Figure 3), the BSR depth increases, reaching a depth of 150 mbsf.

3.2. Seismic Velocity Model

Above the BSR, a layer with a velocity ranging from 1650 to 1740 m/s was identified, while below
the BSR, the velocity decreases from 1288 to 1550 m/s. Besides, below the BSR, the velocity decreases
upwards (from 15 to 21 km of distance; see Figure 3 dark blue color), reaching its minimum value. An
opposite velocity trend was observed above the BSR; in fact, when the velocity increases above the
BSR (from 10 to 21 km of distance), the minimum velocity values are found below it. The BSR depth
increases to the east, as shown by the velocity curves in Figure 3.
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Figure 3. Velocity model superimposed in the Kirchhoff PreSDM section. The three inserts show the
modelled velocity curves (solid black lines) and the theoretical curves in the absence of hydrates and
free gas (dashed black lines) along the velocity model. Below, the rectangles indicate the position of the
zooms in panel (a) and (b), in which red arrows indicate BSR and BGR (if present). The white dotted
lines indicate faults and fractures.

3.3. Gas-Phases Estimates

High gas hydrates concentrations areas are located from 7 to 14 km of distance at approximately
1000 mbsl, reaching values ranging between 7 and 10% of total volume. Low gas hydrates
concentrations regions (with values from 1 to 3% of total volume) are located from 1 to 6 km of
distance at 2200 mbsl and from 15 to 20 km of distance at 600 mbsl (Figure 4). At shallow water depths,
from 15 to 20 km of distance, high free gas concentrations were estimated, with values up to 0.8% of
total volume. Note that hydrate and free gas concentrations show an opposite trend. In fact, from 7 to
14 km of distance, where gas hydrate concentrations increase (above the BSR), free gas concentrations
decrease (see Top and Bottom panels in Figure 4). On the other hand, from 15 to 20 km of distance,
where gas hydrate concentrations decrease, free gas concentrations increase.
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Figure 4. Gas hydrate and free gas concentration models and profiles relative to RC2901-751 seismic
profile. Top panel: gas hydrate concentration values. Middle panel: gas-phase concentration model.
Bottom panel: free gas concentration values. Dashed lines in the top and bottom panels correspond to

the average gas hydrate and free gas concentrations, respectively.

3.4. Geothermal Gradient

The anomalous geothermal gradients calculated are variable in the seismic profile, ranging
between 35 to 190 °C/km (Figure 5). The geothermal gradient increases towards the west (Figure 5),
and the maximum values are at 2200 mbsl (see Figure 3). The minimum values were calculated on
the east side of the profile (Figure 5) in correspondence of a water depth ranging from 600 to 1000 m.
There are two isolated peaks (at ~9 and ~14 km of distance) of about 125 and 170 °C/km (Figure 5).
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Figure 5. Geothermal gradient of the seismic profile RC2901-751. See text for details.

3.5. Gas Hydrate and Free Gas Volume at Standard Temperature and Pressure Conditions

In order to estimate the amount of methane stored in the marine sediments close to the CT] region,
bulk estimates of hydrate and free gas concentrations at standard temperature and pressure (STP)
conditions were calculated using the following values:



Geosciences 2019, 9, 28 9of 15

e  For gas hydrate: 4% of the total volume (dashed line in the upper panel of Figure 4), 50% porosity,
thickness of the gas hydrate layer equal to 108 m, and a total projected area of about 2300 km?.
Considering these assumptions, the methane budget is 7.21 x 10! m3 at STP conditions;

e  For free gas: 0.27% of the total volume (dashed line in the lower section of Figure 4), 50% porosity,
thickness of the free gas layer equal to 85 m, and a total projected area of about 2300 km?.
Considering these assumptions, the methane budget from gas hydrates is 4.1 x 10! m3 at
STP conditions.

The projected area was delimited based on the multi-resolution gridded Global Multi-Resolution
Topography (GMRT) Synthesis [76] data and it comprises a part of the continental slope. The area was
visually identified as the region that begins at the shelf break in the seaward edge of the shelf until it
merges with the deep ocean floor at approximately 3000-3400 mbsl. All analyses were conducted with
the open source Quantum Gis 3.4 (Qgis) and Generic Mapping Tools 5.4.4 (GMT) projects.

The free gas-volume expansion ratio was calculated using the Peng-Robinson equation of state [77],
applying the methodology explained by [78]. Here, we assume that free gas is only composed of
methane and it is located just below the gas hydrate stability zone. We divided the area containing free
gas into five sub-areas to better assess the in-situ geothermal and pressure conditions and variations
of the volume expansion ratios. Table 1 shows the free gas volume at in-situ and STP conditions.
The rate of free gas volume expansion was calculated to estimate the volume of free gas content at
STP conditions. The area was subdivided into five different regions, and at each one, pressure and
temperature were calculated according to the corresponding geothermal gradient.

Table 1. Free gas volume at in-situ and STP conditions.

Interval Area (m2) Temperature Pressure Volume Volume STP Volume
(mbsl) (K) (MPa) in-situ (m3) (m®) Expansion Ratio

500-1000 419 x 108 285.8 7.6 4.25 x 107 3.69 x 10° 86.8

1000-1500 437 x 108 289.7 12.7 4.44 x 107 6.71 x 10° 151.2

1500-2000 559 x 108 291.0 17.7 5.68 x 107 1.20 x 1010 2122

2000-2500 3.69 x 108 291.5 22.8 3.75 x 107 9.90 x 10° 263.9

2500-3000 2.79 x 108 292.1 27.9 2.84 x 107 8.67 x 10° 305.5
Total 2.06 x 107 2.10 x 108 4.10 x 1010

4. Discussion

The seismic section showed evidence of active tectonics; in fact, a large normal fault zone located
at 7 km of distance represents the boundary between the western and eastern sectors (Lower and
Uplift part in the Figure 3). Morphological features close to the normal fault can be associated with
active tectonic extension and uplift processes above the subducting CR seafloor spreading centre [39].
Further upslope deformation is characterized by normal faults and fractures with small offsets affecting
shallow sediments (Figure 3). The weak seismic character of BSR in the seaward (westward sector) is
related to low free gas concentrations, while in the uplifted landward (eastward sector), a continuous
and strong BSR can be related to high free gas concentrations up to 0.8% (Figure 4). These values are
consistent with free gas concentrations reported by [11] along Seismic Line 745, located northward
of this study area. A shallow BSR depth (average ~100 mbsf) can be explained by a high heat flow
(average > 200 mW /m?) and geothermal gradient (average ~90 °C/km), as reported by [26] and in
agreement with this study. In addition, vertical and lateral velocity variations above and below the BSR
can be associated with gas hydrate and free gas presence and their concentration changes. Maximum
velocity values above the BSR (up to 1740 m/s) can correspond to high gas hydrate concentrations,
whereas low velocities below the BSR (around 1290 m/s) are related to high free gas concentrations
(Figures 3 and 4). In fact, this low velocity can only be explained with free gas presence.

The gas-phase concentration distribution is in general agreement with heat flow reported by [26].
Moreover, low concentrations of gas hydrate and free gas coincide with high values of heat flow
and geothermal gradients close to the Chile trench and the plate boundary (Figures 2 and 5), while
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high concentrations of gas hydrate and free gas are associated with a low heat flow and geothermal
gradient further up the continental slope. A similar pattern was also recognized by [22] on the Chilean
continental slope around 44° S.

The observation that both gas hydrate and free gas concentrations in the sediments have lower
values close to the trench in the CTJ area could be explained as a result of gas hydrate dissociation
and free gas migration in a regime of fluid advection under high heat flow conditions [59]. High heat
flow is caused by the subduction of the Chile Rise [11,26,57,59,60], and geothermal fluids are supplied
from deeper strata [67] that are undergoing deformation, anomalous compaction, and de-watering
(e.g., [55,65]). The highest values of heat flow are located close to the heat source near the trench
(Figures 2 and 5). We assume that in this area, the advective heat transfer in a regime of rising heat
flow can change the pressure-temperature conditions, causing gas hydrate dissociation in the past
and likely in the present. Low concentrations of free gas close to the trench (~0.1% of total volume),
can be explained due to a variable production. Here, the dissociated hydrates is released as free gas
and can migrate up into the hydrate stability zone, giving place to gas hydrate formation in higher
areas (from 7 to 14 km of distance in Figure 4), increasing gas hydrate concentrations (~8% of total
volume). However, active faults and fractures in the lower forearc can destroy stratigraphic seals and,
consequently, impede free gas storage (e.g., [26,43]) above the subducting spreading ridge. This may
explain the low concentrations of gas hydrate and free gas layers calculated close to the trench and high
concentrations in shallow waters, where the lower values of heat flow were found, and deformation is
less prevalent (Figures 3 and 4). Note, however, that low concentrations of gas hydrate and free gas
were also found close to faults and fractures because of the enhancement of fluid-escape (Figures 3
and 4). Therefore, high heat flow due to spreading ridge subduction, tectonic faulting, and vigorous
fluid advection at the leading edge of the overriding South American plate may indeed be a major
factor for hydrate and gas reservoir distribution offshore Taitao Peninsula. Moreover, the highest value
of free gas concentration, located in the shallower part of the accretionary wedge (~16 km of distance;
Figure 4), can be explained by the upward migration of gas towards an impermeable hydrate layer,
forming a structural trap [22]. Note also that this sector is characterized by the absence of faults that
could act as pathways for upward fluid migration.

The anomalous heat flow close to the CTJ changes the stable PT conditions for the gas hydrate,
promotes its dissociation and fluid escapes. The dissolved methane from gas hydrates could enter into
the ocean through fluid ventings or as gas bubbles [79]. Some of the dissolved methane is diluted and
oxidized as it rises through the ocean interior. However, an increase in gas methane entering the ocean
above seawater saturation could lead to methane reaching the ocean surface mixed layer and being
transported to the atmosphere via sea-air exchange [80].

A question worth discussing here is whether some of the methane in gas hydrates in the lower
continental slope may in fact have been formed by abiotic processes (e.g., [81]) during the formation
of serpentinite from ultramafic rocks. This can be valid for hydrates present in sediments just above
the youngest crust of the CR subducted (near the trench), where active serpentinization and methane
venting can initiate, develop, and survive, as was observed in similar regions (e.g., [82]). ODP Site 863
(see Figure 2 and [55]) is located on the seismic line presented in this study, right above the subducting
oceanic spreading ridge. Pore waters squeezed from the drill cores recovered at ODP Site 863 show
very high pH values up to 10.5, especially at drillhole depths greater than 600 meters below the sea
floor. Along with the concentration profiles of F, B, Cl, and SOy, this suggests that the pore fluids could
be created from a sequence of reactions involving Mg-depleted fluids (see Figure 6 and description
on p. 406 of [55]). This can be taken as an indication of metasomatic alteration in the serpentinized
peridotite of the oceanic mantle (e.g., [83,84]) belonging to the downgoing plate at depth. Recently,
Suess et al. [85] has shown that gas hydrates involving abiotically formed methane might be formed
in sediment drifts overlying altered oceanic crust and mantle in slow-spreading environments. It is
possible to envisage a similar scenario here, with the difference that the sediments of the lowermost
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continental slope are not directly sedimented above the spreading ridge, but are tectonically thrusted
over the downgoing plate.

Finally, the estimated volume of gas hydrate calculated in the present study was lower than the
values calculated in other regions along the Chilean margin (e.g., [27]). We hypothesize that this can
be explained by the following reasons: (a) limited sediment accumulation due to the shortening of the
wedge close to the CTJ, which causes unfavourable conditions for the formation of gas hydrates [11,39];
(b) the presence of faults and fractures that can locally promote fluid escape and prevent gas hydrate
formation (e.g., [43,85]); (c) faults identified in the seismic profile (Figure 3) cross the transition layer
of the gas hydrate phase and serve as pipes that drain water and methane to the seafloor (e.g., [85]);
(d) the CT]J is characterised by an anomalous thermal state (e.g., [26]) that inhibits the formation of gas
hydrates, by changing the gas hydrate stability zone.

5. Conclusions

The results of this research for the gas hydrate in the margin close to the Chile Triple Junction
lead us to conclude that:

o  The values for gas hydrate concentration are lower than 10% of the total rock volume. The highest
concentrations are calculated in shallower waters, where the geothermal gradient is low and
deformation is less prevalent;

e  The amount of hydrate and free gas estimated over the studied area were 7.21 x 10'! m? and
4.1 x 10'% m3, respectively;

e Aninverse correlation between gas-phase concentrations and geothermal gradient is recognized.
Low gas hydrate and free gas concentrations coincide with high values of geothermal gradients
over the studied area;

e  An extremely high geothermal gradient close to the trench was calculated, reaching values up to
190 °C-km ™!, caused by the subduction of the CR at the CTJ, altering the stable PT conditions for
the gas hydrate, which promotes its dissociation and upward migration, and fluid escapes;

e High heat flow, tectonic faulting, and vigorous fluid advection may be important factors for
hydrate and gas reservoir distribution offshore Taitao Peninsula;

e The CT]J is an important methane seepage area and should be the focus of novel geological,
oceanographic, and ecological research.

Author Contributions: Conceptualization, L.V.-M. and 1.V.-C.; formal analysis, L.V.-M. and I.V.-C.; funding
acquisition, I.V.-C.; investigation, L.V.-M. and L.V.-C.; methodology, L.V.-M., LV.-C,, ].PB., U.T,, EE, M.G., and S.C,;
software, L.V.-M., LV.-C,, ].PB., and U.T; supervision, ].H.B.; visualization, L.V.-M. and ].P.B.; writing—original
draft, L.V.-M.; writing—review & editing, I.V.-C., J.P.B., U.T,, EE, M.G., ] H.B., and S.C.

Funding: This research was funded by CONICYT- Fondecyt de Iniciacién, 11140216.

Acknowledgments: Special thanks are due to Steven Cande and Stephen Lewis, who acquired the openly available
data (http:/ /www.ig.utexas.edu/) of R/V Robert Conrad Cruise RC2901. Lucia Villar-Mufioz acknowledges
tenure of a DAAD scholarship for her postgraduate research and is grateful to the founders of GMT (Wessel and
Smith). We are very grateful to Daniela Lazo and Rafael Santana, who contributed to the writing process.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Sloan, E.D. Fundamental principles and applications of natural gas hydrates. Nature 2003, 426, 353-363.
[CrossRef] [PubMed]

2. Sloan, E.D.; Koh, C. Clathrate Hydrates of Natural Gases, 3rd ed.; CRC Press: Boca Raton, FL, USA, 2007; 752p.

3. Schmidt, M.; Hensen, C.; Morz, T.; Miiller, C.; Grevemeyer, I.; Wallmann, K.; Mau, S.; Kaul, N. Methane
hydrate accumulation in Mound 11 mud volcano, Costa Rica forearc. Mar. Geol. 2005, 216, 77-94. [CrossRef]

4. Sloan, E.D. Clathrate Hydrates of Natural Gases, 2nd ed.; CRC Press: Boca Raton, FL, USA, 1998; 705p.



Geosciences 2019, 9, 28 12 0f 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

Milkov, A.V. Global estimates of hydrate-bound gas in marine sediments: How much is really out there?
Earth-Sci. Rev. 2004, 66, 183-197. [CrossRef]

Crutchley, G.J.; Mountjoy, ].J.; Pecher, I.A.; Gorman, A.R.; Henrys, S.A. Submarine Slope Instabilities
Coincident with Shallow Gas Hydrate Systems: Insights from New Zealand Examples. In Submarine Mass
Movements and their Consequences; Advances in Natural and Technological Hazards Research; Lamarche, G.,
Mountjoy, J., Bull, S., Hubble, T., Krastel, S., Lane, E., Micallef, A., Moscardelli, L., Mueller, C., Pecher, I., Eds.;
Springer: Cham, Switzerland, 2016; 41p.

Hovland, M.; Orange, D.; Bjorkum, P.A.; Gudmestad, O.T. Gas hydrate and seeps-effects on slope stability:
The “hydraulic model”. In Proceedings of the Eleventh International Offshore and Polar Engineering
Conference, Stavanger, Norway, 1722 June 2001; Volume 1, pp. 471-476.

Kretschmer, K.; Biastoch, A.; Riipke, L.; Burwicz, E. Modeling the fate of methane hydrates under global
warming. Glob. Biogeochem. Cycles 2015, 29, 610-625. [CrossRef]

Mountjoy, J.J.; Pecher, I; Henrys, S.; Crutchley, G.; Barnes, PM.; Plaza-Faverola, A. Shallow methane hydrate
system controls ongoing, downslope sediment transport in a low-velocity active submarine landslide
complex, Hikurangi Margin, New Zealand. Geochem. Geophys. Geosyst. 2014, 15, 4137-4156. [CrossRef]
Ruppel, C.D.; Kessler, ].D. The interaction of climate change and methane hydrates. Rev. Geophys. 2017, 55,
126-168. [CrossRef]

Bangs, N.L.; Sawyer, D.S.; Golovchenko, X. Free gas at the base of the gas hydrate zone in the vicinity of the
Chile triple Junction. Geology 1993, 21, 905-908. [CrossRef]

Hyndman, R.D.; Spence, G.D. A seismic study of methane hydrate marine bottom-simulating-reflectors.
J. Geophys. Res. 1992, 97, 6683-6698. [CrossRef]

Kvenvolden, K.A. Comparison of marine gas hydrates in sediments of an active and passive continental
margin. Mar. Pet. Geol. 1985, 2, 65-70. [CrossRef]

Vargas-Cordero, I.; Tinivella, U.; Accaino, F.; Loreto, M.F,; Fanucci, F.; Reichert, C. Analyses of bottom
simulating reflections offshore Arauco and Coyhaique (Chile). Geo-Mar. Lett. 2010, 30, 271-281. [CrossRef]
Brown, K.M.; Bangs, N.L.; Froelich, P.N.; Kvenvolden, K.A. The nature, distribution, and origin of gas
hydrate in the Chile Triple Junction region. Earth Planet. Sci. Lett. 1996, 139, 471-483. [CrossRef]
Grevemeyer, I.; Kaul, N.; Diaz-Naveas, J.L. Geothermal evidence for fluid flow through the gas hydrate
stability field off Central Chile-transient flow related to large subduction zone earthquakes? Geophys. |. Int.
2006, 166, 461-468. [CrossRef]

Loreto, M.F; Tinivella, U.; Ranero, C. Evidence for fluid circulation, overpressure and tectonic style along
the Southern Chilean margin. Tectonophysics 2007, 429, 183-200. [CrossRef]

Polonia, A.; Brancolini, G.; Torelli, L.; Vera, E. Structural variability at the active continental margin off
southernmost Chile. J. Geodyn. 1999, 27, 289-307. [CrossRef]

Polonia, A.; Brancolini, G.; Torelli, L. The accretionary complex of southernmost Chile from the strait of
Magellan to the Drake passage. Terra Antarct. 2001, 8, 87-98.

Polonia, A.; Torelli, L. Antarctic/Scotia plate convergence off southernmost Chile. Geol. Acta 2007, 5, 295-306.
Polonia, A.; Torelli, L.; Brancolini, G.; Loreto, M.E. Tectonic accretion versus erosion along the southern Chile
trench: Oblique subduction and margin segmentation. Tectonics 2007, 26, TC3005. [CrossRef]
Vargas-Cordero, I.; Tinivella, U.; Accaino, F.; Loreto, M.F,; Fanucci, F. Thermal state and concentration of
gas hydrate and free gas of Coyhaique, Chilean Margin (44° 30" S). Mar. Pet. Geol. 2010, 27, 1148-1156.
[CrossRef]

Vargas-Cordero, I.; Tinivella, U.; Accaino, F,; Fanucci, E; Loreto, M.E,; Lascano, M.E.; Reichert, C. Basal and
Frontal Accretion Processes versus BSR Characteristics along the Chilean Margin. J. Geol. Res. 2011, 2011,
1-10. [CrossRef]

Vargas-Cordero, L; Tinivella, U.; Villar-Mufoz, L.; Giustiniani, M. Gas hydrate and free gas estimation from
seismic analysis offshore Chiloé island (Chile). Andean Geol. 2016, 43, 263-274. [CrossRef]

Vargas-Cordero, I.; Tinivella, U.; Villar-Mufioz, L. Gas Hydrate and Free Gas Concentrations in Two Sites
inside the Chilean Margin (Itata and Valdivia Offshores). Energies 2017, 10, 2154. [CrossRef]

Villar-Mufioz, L.; Behrmann, J.H.; Diaz-Naveas, J.; Klaeschen, D.; Karstens, ]. Heat flow in the southern Chile
forearc controlled by large-scale tectonic processes. Geo-Mar. Lett. 2014, 34, 185-198. [CrossRef]
Villar-Mufioz, L.; Bento, ].P; Klaeschen, D.; Tinivella, U.; Vargas-Cordero, I.; Behrmann, ].H. A first estimation
of gas hydrates offshore Patagonia (Chile). Mar. Pet. Geol. 2018, 96, 232-239. [CrossRef]



Geosciences 2019, 9, 28 13 0f 15

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Coffin, R.; Pohlman, J.; Gardner, J.; Downer, R.; Wood, W.; Hamdan, L.; Walker, S.; Plummerg, R.; Gettrus, J.;
Diaz, J. Methane hydrate exploration on the mid Chilean coast: A geochemical and geophysical survey. J. Pet.
Sci. Eng. 2007, 56, 32—41. [CrossRef]

Geersen, ].; Scholz, F,; Linke, P.; Schmidt, M.; Lange, D.; Behrmann, J.H.; Volker, D.; Hensen, C. Fault
zone controlled seafloor methane seepage in the rupture area of the 2010 Maule earthquake, Central Chile.
Geochem. Geophys. Geosyst. 2016, 17, 4802-4813. [CrossRef]

Jessen, G.L.; Pantoja, S.; Gutierrez, M.A.; Quinones, R.A.; Gonzalez, R.R,; Sellanes, J.; Kellermann, M.Y,;
Hinrichs, K.U. Methane in shallow cold seeps at Mocha Island off central Chile. Cont. Shelf Res. 2011, 31,
574-581. [CrossRef]

Sellanes, J.; Quiroga, E.; Gallardo, V. First direct evidence of methane seepage and associated chemosynthetic
communities in the bathyal zone off Chile. . Mar. Biol. Assoc. UK 2004, 84, 1065-1066. [CrossRef]

Sellanes, ].; Krylova, E. A new species of Calyptogena (Bivalvia, Vesicomyidae) from a recently discovered
methane seepage area off Concepcién Bay, Chile (36S). J. Mar. Biol. Assoc. UK 2005, 85, 969-976. [CrossRef]
Sellanes, J.; Quiroga, E.; Neira, C. Megafaunal community structure and trophic relationships of the recently
discovered Concepcion Methane Seep Area (Chile, 36S). ICES ]. Mar. Sci. 2008, 65, 1102-1111. [CrossRef]
Scholz, F.; Hensen, C.; Schmidt, M.; Geersen, J. Submarine weathering of silicate minerals and the extent of
pore water freshening at active continental margins. Geochim. Cosmochim. Acta 2013, 100, 200-216. [CrossRef]
German, C.R.; Shank, TM.; Lilley, M.D.; Lupton, J.E.; Blackman, D.K.; Brown, K.M.; Baumberger, T.;
FriihGreen, G.; Greene, R.; Saito, M.A; et al. Hydrothermal Exploration at the Chile Triple Junction—ABE’s
Last Adventure. In AGU Fall Meeting Abstracts; American Geophysical Union: Washington, DC, USA, 2010.
Oliver, P.G.; Sellanes, ]. New species of Thyasiridae from a methane seepage area off Concepcién, Chile.
Zootaxa 2005, 1092, 1-20. [CrossRef]

Volker, D.; Geersen, ].; Contreras-Reyes, E.; Sellanes, ].; Pantoja, S.; Rabbel, W.; Thorwart, M.; Reichert, C.;
Block, M.; Weinrebe, W.R. Morphology and geology of the continental shelf and upper slope of southern
Central Chile (335-43S). Int. ]. Earth Sci. (Geol. Rundsch.) 2014, 103, 1765. [CrossRef]

Oluy, K,; Duperret, A.; Sibuet, M.; Foucher, J.P,; Fiala-Medioni, A. Structure and distribution of cold seep
communities along the Peruvian active margin: Relationship to geological and fluid patterns. Mar. Ecol.
Prog. Ser. 1996, 132, 109-125. [CrossRef]

Behrmann, ].H.; Lewis, 5.D.; Cande, S.C. Tectonics and geology of spreading ridge subduction at the Chile
Triple Junction: A synthesis of results from Leg 141 of the Ocean Drilling Program. Geol. Rundsch. 1994, 83,
832-852. [CrossRef]

Hillman, J.LT.; Klaucke, I; Bialas, J.; Feldman, H.; Drexler, T.; Awwiller, D.; Atgin, O.; Cif¢i, G. Gas migration
pathways and slope failures in the Danube Fan, Black Sea. Mar. Pet. Geol. 2018, 92, 1069-1084. [CrossRef]
Hovland, M.; Svensen, H.; Forsberg, C.E,; Johansen, H.; Fichler, C.; Fossa, ].H.; Jonsson, R.; Rueslatten, H.
Complex pockmarks with carbonate-ridges off mid-Norway: Products of sediment degassing. Mar. Geol.
2005, 218, 191-206. [CrossRef]

Romer, M.; Sahling, H.; Pape, T.; Bohrmann, G.; Spief3, V. Quantification of gas bubble emissions from
submarine hydrocarbon seeps at the Makran continental margin (offshore Pakistan). J. Geophys. Res. 2012,
117, C10015. [CrossRef]

Vargas-Cordero, I; Tinivella, U.; Villar-Mufioz, L.; Bento, ].P. High Gas Hydrate and Free Gas Concentrations:
An Explanation for Seeps Offshore South Mocha Island. Energies 2018, 11, 3062. [CrossRef]

Tinivella, U.; Carcione, ].M. Estimation of gas-hydrate concentration and free-gas saturation from log and
seismic data. Lead Edge 2001, 20, 200-203. [CrossRef]

Cisternas, M.; Atwater, B.F; Torrejon, F; Sawai, Y.; Machuca, G.; Lagos, M.; Eipert, A.; Youlton, C.; Salgado, I;
Kamataki, T.; et al. Predecessors of the giant 1960 Chile earthquake. Nature 2005, 437, 404—407. [CrossRef]
Agurto-Detzel, H.; Rietbrock, A.; Bataille, K.; Miller, M..; Iwamori, H.; Priestley, K. Seismicity distribution in
the vicinity of the Chile Triple Junction, Aysén Region, southern Chile. J. S. Am. Earth Sci. 2014, 51, 1-11.
[CrossRef]

Murdie, R.E; Prior, D.J.; Styles, P,; Flint, S.S.; Pearce, R.G.; Agar, S.M. Seismic responses to ridge-transform
subduction: Chile triple junction. Geology 1993, 21, 1095-1098. [CrossRef]

Fischer, D.; Mogollén, ].M.; Strasser, M.; Pape, T.; Bohrmann, G.; Fekete, N.; Spiess, V.; Kasten, S. Subduction
zone earthquake as potential trigger of submarine hydrocarbon seepage. Nat. Geosci. 2013, 6, 647-651.
[CrossRef]



Geosciences 2019, 9, 28 14 of 15

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Sibson, R.H. Interactions between temperature and pore fluid pressure during earthquake
faulting—A mechanism for partial or total stress relief. Nat. Phys. Sci. 1973, 243, 66-68. [CrossRef]
Boobalan, A.J.; Ramanujam, N. Triggering mechanism of gas hydrate dissociation and subsequent submarine
landslide and ocean wide Tsunami after Great Sumatra-Andaman 2004 earthquake. Arch. Appl. Sci. Res.
2013, 5, 105-110.

Elger, J.; Berndt, C.; Riipke, L.H.; Krastel, S.; Gross, E.; Geissler, W.H. Submarine slope failures due to pipe
structure formation. Nat. Commun. 2018, 9, 715. [CrossRef] [PubMed]

Kvenvolden, K.A. Gas hydrates-geological perspective and global change. Rev. Geophys. 1993, 31, 173-187.
[CrossRef]

Waite, W.F,; Santamarina, J.C.; Cortes, D.D.; Dugan, B.; Espinoza, D.N.; Germaine, |.; Jang, J.; Jung, JW.;
Kneafsey, T.J.; Shin, H.; et al. Physical properties of hydrate-bearing sediments. Rev. Geophys. 2009,
47, RG4003. [CrossRef]

Xu, W.; Germanovich, L.N. Excess pore pressure resulting from methane hydrate dissociation in marine
sediments: A theoretical approach. J. Geophys. Res. 2006, 111. [CrossRef]

Behrmann, J.H.; Lewis, S.D.; Musgrave, R.; Bangs, N.; Bodén, P.; Brown, K.; Collombat, H.; Didenko, A.N.;
Didyk, B.M.; Froelich, PN.; et al. Chile Triple Junction. In Proc. ODP. Init. Repts. (Pt. A) 1992, 141, 1-708.
Cande, S.C.; Leslie, R.B. Late Cenozoic tectonics of the southern Chile trench. J. Geophys. Res. 1986, 91,
471-496. [CrossRef]

Cande, S.C.; Leslie, R.B.; Parra, J.C.; Hodbart, M. Interaction between the Chile ridge and Chile trench:
Geophysical and geothermal evidences. . Geophys. Res. 1987, 92, 495-520. [CrossRef]

Herron, EM.; Cande, S.C.; Hall, B.R. An active spreading center collides with a subduction zone:
A geophysical survey of the Chile margin triple Junction. Mem. Geol. Soc. Am. 1981, 154, 683-701.

Brown, K.M.; Bangs, N.L.; Marsaglia, K.; Froleich, PN.; Zheng, Y.; Didyk, B.M.; Prior, D.; Richford, E.L.;
Torres, M.; Kumsov, V.B.; et al. A summary of ODP 141 hydrogeologic, geochemical, and thermal results.
Proc. ODP Sci. Results 1995, 141, 363-373.

Flueh, E.; Grevemeyer, 1. FS SONNE Cruise Report SO 181 TIPTEQ-from the Incoming Plate to Megathrust
Earthquakes. Rep. 06.12.2004-26.02.2005; Leibniz-Institut fiir Meereswissenschaften an der University Kiel:
Kiel, Germany, 2005; 533p.

Volker, D.; Grevemeyer, I.; Stipp, M.; Wang, K.; He, J. Thermal control of the seismogenic zone of southern
central Chile. J. Geophys. Res. 2011, 116, B10305. [CrossRef]

Lagabrielle, Y.; Guivel, C.; Maury, R.; Bourgois, J.; Fourcade, S.; Martin, H. Magmatic-tectonic effects of high
thermal regime at the site of active ridge subduction: The Chile Triple Junction model. Tectonophysics 2000,
326, 255-268. [CrossRef]

German, C.R.; Ramirez-Llodra, E.; Baker, M.C.; Tyler, P.A. ChEss Scientific Steering Committee. Deep-Water
Chemosynthetic Ecosystem Research during the Census of Marine Life Decade and Beyond: A Proposed
Deep-Ocean Road Map. PLoS ONE 2011, 6, €23259. [CrossRef]

Bangs, N.L.; Brown, K.M. Regional heat flow in the vicinity of the Chile Triple Junction constrained by the
depth of the bottom simulating reflection. Proc. ODP Sci. Results 1995, 141, 253-259.

Behrmann, J.H.; Kopf, A. Balance of tectonically accreted and subducted sediment at the Chile Triple Junction.
Int. . Earth Sci. (Geol. Rundsch.) 2001, 90, 753-768. [CrossRef]

Bourgois, J.; Martin, H.; Lagabrielle, Y.; Le Moigne, J.; Frutos Jara, J. (Chile margin triple junction area)
Subduction erosion related to spreading-ridge subduction: Taitao peninsula. Geology 1996, 24, 723-726.
[CrossRef]

Bangs, N.L.; Cande, S.C. Episodic development of a convergent margin inferred from structures and
processes along the southern Chile margin. Tectonics 1997, 16, 489-503. [CrossRef]

Cohen, J.K,; Stockwell, J.W. CWP/SU: Seismic Unix Release 4.0: A Free Package for Seismic Research and Processing;
Center for Wave Phenomena, Colorado School of Mines: Golden, CO, USA, 2008; pp. 1-153.

Loreto, M.E,; Tinivella, U.; Accaino, F.; Giustiniani, M. Offshore Antarctic Peninsula gas hydrate reservoir
characterization by geophysical data analysis. Energies 2011, 4, 39-56. [CrossRef]

Yilmaz, O. Seismic Data Analysis: Processing, Inversion and Interpretation of Seismic Data, 2nd ed.; Society of
Exploration Geophysicists: Oklahoma, OK, USA, 2001; 2027p.

Liu, Z.; Bleistein, N. Migration velocity analysis: Theory and an iterative algorithm. Geophysics 1995, 60,
142-153. [CrossRef]



Geosciences 2019, 9, 28 150f 15

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

83.

84.

85.

Hamilton, E.L. Sound velocity gradients in marine sediments. ]. Acoust. Soc. Am. 1979, 65, 909-922.
[CrossRef]

Tinivella, U. A method for estimating gas hydrate and free gas concentrations in marine sediments.
Bollettino di Geofisica Teorica ed Applicata 1999, 40, 19-30.

Tinivella, U. The seismic response to overpressure versus gas 638 hydrate and free gas concentration. . Seism.
Explor. 2002, 11, 283-305.

Grevemeyer, L.; Villinger, H. Gas hydrate stability and the assessment of heat flow through continental
margins. Geophys. J. Int. 2001, 145, 647-660. [CrossRef]

Ryan, W.B.F,; Carbotte, S.M.; Coplan, ]J.O.; O'Hara, S.; Melkonian, A.; Arko, R.; Weissel, R.A_; Ferrini, V.;
Goodwillie, A.; Nitsche, F; et al. Global Multi-Resolution Topography synthesis. Geochem. Geophys. Geosyst.
2009, 10, Q03014. [CrossRef]

Peng, D.; Robinson, D.B. A new two-constant equation of state. Ind. Eng. Chem. Fundam. 1976, 15, 59-64.
[CrossRef]

Barth, G. Methane Gas Volume Expansion Ratios and Ideal Gas Deviation Factors for the Deep Water Bering Sea
Basins; USGS Open-File Report; USGS: Reston, VA, USA, 2005; 1451p.

Reeburgh, W.S. Oceanic Methane Biogeochemistry. Chem. Rev. 2007, 107, 486-513. [CrossRef]

Cynar, EJ.; Yayanos, A.A. Biogeochemistry of Global Change: Radiatively Active Trace Gases; Oremland, R.S., Ed.;
Chapman-Hall: Atlanta, GA, USA, 1993; pp. 551-573.

McCollom, T.M. Abiotic methane formation during experimental serpentinization of olivine. PNAS 2016,
113, 13965-13970. [CrossRef] [PubMed]

Johnson, J.E.; Mienert, J.; Plaza-Faverola, A.; Vadakkepuliyambatta, S.; Knies, J.; Biinz, S.; Andreassen, K.;
Ferré, B. Abiotic methane from ultraslow-spreading ridges can charge Arctic gas hydrates. Geology 2015, 43,
371-374. [CrossRef]

Bach, W.; Paulick, H.; Garrido, C.J.; Ildefonse, B.; Meurer, W.P.; Humphris, S.E. Unraveling the sequence of
serpentinization reactions: Petrography, mineral chemistry, and petrophysics of serpentinites from MAR
15°N (ODP Leg 209, Site 1274). Geophys. Res. Lett. 2006, 33, 4-7. [CrossRef]

Kelley, D.S.; Karson, ].A.; Frith-Green, G.L.; Dana, R.; Yoerger, D.R.; Shank, TM.; Butterfield, D.A.; Hayes, ] M.;
Schrenk, M.O.; Olson, E.J.; et al. A serpentinite-hosted ecosystem: The Lost City hydrothermal vent field.
Science 2005, 307, 1428-1434. [CrossRef] [PubMed]

Suess, E.; Torres, M.; Bohrmann, G.; Collier, R.W.; Greinert, J.; Linke, P.; Rehder, G.; Tréhu, A.; Wallmann, K.;
Winckler, G.; et al. Gas hydrate destabilization: Enhanced dewatering, benthic material turnover and large
methane plumes at the Cascadia convergent margin. Earth Planet. Sci. Lett. 1999, 170, 1-15. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



5. SYNTHESIS

The most important aim of this thesis was to improve the knowledge of gas hydrate
reservoirs along the Chilean continental slope, highlighting its spatial distribution,
providing volume estimates, and identifying methane hydrate concentrated zones
(MHCZ in the following). In addition, there was the aim to refine the understanding

of the thermal regime and its effects on the gas hydrate concentration.

The results presented in the three core chapters of this thesis work, and the articles
published as a secondary author, yield important advances concerning estimate of
gas hydrate and the consequences of the thermal regime on its occurrence along the
Chilean margin. In the case of the Patagonia region, for instance, the results from the
Manuscript #2 (Chapter 3), provided - for the first time - an estimate of gas hydrate
for that region. Gas hydrates are presently one of the most important topics in
marine geoscientific investigations along the Chilean margin, particularly with
respect of the fact that this margin is one of the tectonically most active plate
boundaries on Earth. The geological risk associated with gas hydrate occurrence is
related to aspects of future extraction, but also has a global dimension if, for
example, the methane is released from a gas hydrate reservoir driven by tectonic

activity or processes related to marine slope instability.

Gas hydrate estimation and distribution

Methane hydrate identification is based on the interpretation of subsurface data. For
this, multichannel seismic data were used to identify the BSR in more than 100
seismic lines from 33°- 57° S, almost 3000 km along strike of the Pacific coast of Chile.
In order to analyze the BSR, standard and advanced processing was performed by

using the open-source scientific library called Seismic UNIX (SU, Cohen and
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Stockwell, 2008) and ad-hoc codes in selected sections where the BSR was strongest
and continuous (e.g. offshore Mocha Island, Chiloé Island, Taitao Peninsula and
Patagonia). This allowed recognizing the hydrate layer above the BSR, the free gas
layer below it, and in some cases, down to the Base of Free Gas reflector (BGR).

Once a final velocity model was built, it was converted in a gas-phase concentration
model (Tinivella 1999; Tinivella et al. 2002) by fitting the theoretical velocity field
with the experimental velocity field (Fig.13). A modified Domenico's approach
(Domenico, 1977) was used in order to reproduce the velocity field in the absence of

gas, or the case of full water saturation.

B) DETECTION GAS HYDRATE C) ESTIMATE GAS HYDRATE
AND FREE GAS AND FREE GAS

A) IDENTIFICATION BSR

STANDARD PROCESSING ADVANCED PROCESSING VELOCITY ANOMALIES
-Filtering -Layer stripping approach ANALYSIS
-Stacking velocity analysis -Pre-stack depth migration
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Figure 13: Schematic flow chart of applied processing sequences described by Vargas-Cordero et al,
2010: (A) Standard processing to identify the BSR. The picture shows the stacked section; the
square indicates the zoom shown in the other panels. (B) The method used to determine the velocity
field. The pictures show the pre-stack depth migration (left) and the velocity model (right). (C)
Scheme of velocity anomaly versus gas phase concentration. The picture on the top-left shows an
example of the seismic velocity (red line) and reference velocity (black line). On the top-right, the
gas hydrate concentration (positive values) and the free gas concentration (negative values) are
reported as an example. Bottom: the gas-phase concentration and an example of the velocity profile

(black line).
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I decided to use a simplified theory, instead of more refined theory (i.e. Carcione et
al., 2000; Chand et al. 2004), because of the lack of direct measurements (e.g. borehole
information). In fact, in this thesis, the main potential error on gas hydrate estimate
is due to assumptions made regarding sediment properties, and not the theoretical
model used to determine the theoretical velocity versus hydrate/free gas

concentration. This topic is discussed in the next section

Advantages and uncertainties of the estimation method

The main advantage to use SU, an open-source library constantly updated and
tested (Colorado School of Mines), is that iteratively uses pre-stack depth migration
methods to obtain the velocity model and a good image in depth. This method is
very well tested and agreed by the scientific community, and, in fact, the quality of
the complex algorithm is comparable to that of commercial software (e.g. PROMAX
and ECHOS; Vargas-Cordero et al., 2010, 2016; Tinivella et al., 2001, 2009; Loreto et
al., 2011). In effect, the pre-stack depth migration is used to determine the reliability
of the velocity model obtained from the traveltime inversion. When the velocity-
depth model and the pre-stack depth migration section are consistent, it is implied
that we have an accurate velocity field (Kim et al., 1996). The error of the velocity
model obtained by using iterative pre-stack depth migration is about 5% (Tinivella
et al., 2002; Vargas-Cordero et al., 2010).

The results of the test of sensitivity to calculate hydrate concentrations (Tinivella et
al. 2002), indicate that the most important parameters involved are porosity and
average density. A variation of +5% of the porosity and average density is translated
in a variation of the gas hydrate concentration of about 1.2% by volume and for free
gas estimate are in the order of magnitude of about 0.3% of volume.

The limitation of this methodology is that well data is not available for regions close
to the studied areas. The use of well data could have allowed us to better constrain
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petrophysical parameters necessary to evaluate the theoretical velocity model and
to estimate gas-phase concentration. If there were borehole data, the uncertainties

on gas hydrate estimates would be expected to be less than 5%.

In summary, the volume estimative of methane presented in the Manuscript #2 and
#3 is limited by the lack of well data. Therefore, the estimates must be used with due
caution, and considered qualitatively and not in terms of fully quantitative
estimates. Nevertheless, the results might be reasonable and are locally in agreement
with other methodically independent studies (e.g. Bangs et al., 1993; Vargas-
Cordero, 2010).

The importance of the entire work, despite the uncertainties associated with the
method, is to confirm the widespread existence of gas hydrates along the Chilean
Pacific margin from Valparaiso (33°S) to Patagonia (57°S), and spotting several
methane hydrate concentrated zones (MHCZ). In this study, two extended MHCZ
were identified, located offshore Patagonia (54°- 57°S) and Central Chile (35°- 39°S)
margin, with hydrate concentrations between 10-20% and layer thicknesses ranging
from 200 to 300 m. The high concentrations and thicker layers can be explained
because thick sediment sequences are accreted to the overriding plate, at the toe of
the wedge and middle forearc, and are affected by deformation processes that
promote the methane formation, migration, accumulation and preservation as

hydrate in these areas.

Moreover, this thesis presents an overview of the BSR distribution along the slope.
It is confirmed that a shallower, strong and continuous BSR around the Chile Triple
Junction (CTJ) deepens, weakens and becomes less continuous northwards, which
is directly related to the age of the downgoing oceanic plate. Since crustal heat flow
along the margin is strongly influenced by the age of the subducted slab, as is
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explained in the next paragraphs, these heat flow differences constrain the
hydrothermal circulation, and the rates at which methane in the sediment can be
generated at depth and migrate into the GHSZ. Besides, high heat flow promotes
hydrate dissociation, developing a sediment layer with high free gas concentration
below the hydrate layer and, therefore, dropping the seismic velocity values making
the BSR stronger. For these reasons, in the area close to the CTJ, with a regime of
very high heat flow, vigorous fluid migration and intense rock deformation, we
found a strong and continuous BSR in comparison with the BSR located further

north of the studied area.

Heat Flow (q)

The technique of using the bottom-simulating reflection (BSR) as a proxy for
subsurface temperature was described by Yamano et al. (1982), and, due to the
stability of gas hydrates is controlled by temperature and pressure conditions (e.g.
Grevemeyer et al. 2003), this can serve to calculate the steady-state heat flow q (mW
m~2). The heat flow calculation formula, assuming purely conductive heat transfer,
is:

T,-T,

j- dz’
2 K(Z)
where Tz and To are the temperatures at the BSR and the seafloor respectively

(Villinger et al. 2010), k is the thermal conductivity and z denotes the BSR depth.

Advantages and uncertainties of the method
Following the method described by Villinger et al. (2010), the BSR-derived heat flow

estimated along the Chilean margin is uncertain because many parameters (i.e.
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sediment velocity and density, pore water and gas chemistry, sediment thermal
properties, subseafloor pressure, and seafloor temperature) are poorly known and
simplifying assumptions were made in the Central and Patagonia regions. Heat flow
calculations from BSR alone can contain uncertainties on the order of 20%
(Grevemeyer et al., 2001), but calibrations by borehole temperature or heat probe
measurements may reduce this uncertainty, as is the case of the CTJ study, where
direct measurements of thermal conductivity and downhole temperature from ODP
Leg 141 drillholes (Behrmann et al., 1992) were used.

Despite this, heat flow calculation from BSR may still be less accurate than heat
probe measurements. However, it is a much more integrative approach, if there is a
robust seismic database, as is the case in this thesis. In other words, this allows
generating a regional overview of the thermal regime instead of a local view from

heat probes techniques, thus avoiding time-consuming of the local survey.

In this thesis, the estimated heat flow along the Chilean margin is between one-third
to two-thirds of the expected global mean for crust of that age (e.g. Stein, 2003) and
the values are in agreement with direct measurements (e.g. Cande et al., 1987; Flueh
et al., 2005; Grevemeyer et al., 2005). These low values are related to the increased
hydrothermal circulation of cold seawater resulting from flexing and normal
faulting of the oceanic plate prior to subduction (e.g. Yamano et al., 1990; Langseth
and Silver, 1996; Grevemeyer et al., 2005). This, in addition to faults and fractures on
the overriding plate that facilitate the entry of cold seawater, allows cooling the

forearc and in turn outputting warmer water in discharges areas.

In the Central Chile (33° - 40° S) and Patagonia (51°- 57° S) study areas, the average
heat flow is about 40 mW m? but there are probably fluid discharge areas
characterized by relative high heat flow values (>70 mW m?), in close proximity of
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areas with high intensity of deformation and faulting. The better example of such a
circulation system is close to Mocha Island (~38.5° S), where a high and variable heat
flow (60 - 100 mW m2) was estimated, probably related to high supply of deep fluids
channeled by faults and fractures characteristic of the area (for details, see Vargas-

Cordero et al., 2018).

The most anomalous BSR-derived heat flow values obtained in this thesis work are
located around the CTJ (~46 °S), where the subduction of the oceanic spreading
center causes a major heat flow anomaly in the forearc of the overriding South
American Plate. The results are in agreement with the high heat flow values
previously estimated and measured in the same area (e.g. Bangs et al., 1995; Cande
et al., 1987; Flueh et al., 2005). Here, the presence of cold seeps and hydrothermal
vents is reported in the literature (e.g. German et al., 2010; Volker et al., 2014), and
there is intense deformation above the downgoing oceanic spreading centre

separating the Nazca and Antarctic plates (e.g. Behrmann et al., 2001).

It is well known that hydrothermal circulation exists on the flanks of oceanic
spreading centers, and measurements indicate that circulation of crustal fluids is
largely constrained to the uppermost 200 m of igneous crust (Fisher et al., 1990),
where permeability is high. Thus, on one side there is an incoming oceanic spreading
ridge already cooled by this circulation, and on the other side, there is a cover of
overriding deformed, accreted and faulted strata of the forearc, where cold seawater

may enter deep into the accreted sediments cooling the entire system (Fig. 14).
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Figure 14: Schematic cross section from the subduction of the Chile Rise. The picture shows the two
geofluid systems (HC: Hydrothermal Circulation). Both processes decrease the heat flow estimated
in the margin close to the Chile Triple Junction. Dashed black polygon corresponds to the studied

area in Chapter 4. Faults are reported by Behrmann et al. (1994).

There is a clear discrepancy between predicted models of heat flow in young oceanic
lithosphere (<10 Ma ; e.g. Stein et al., 1992, 1994; Hasterok et al., 2011) and the values
calculated in this thesis. Heat flow values estimated in the accretionary wedge and
forearc close to the CTJ are one-third of the expected values, which can be explained
by the influence of local hydrothermal circulation in the crest ridge and forearc.
Thus, faults and fractures are indeed the pathway for fluids from two sources: one
deeper source, where warm fluids flow through the seafloor, and an oceanic source,

where cold seawater penetrates into the accretionary wedge and forearc, cooling the

whole system.

Besides, when we observe geological parameters that favor gas hydrate formation
in Chile such as the thickness of trench infill, heat flow values, accretionary prism
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tectonics, and sedimentation rate, it is noticeable that almost all of them are quite
similar in the studied area, with the exception of heat flow, which is the parameter
strongly variable along the overriding plate. According to the estimates calculated
in this thesis, relationships between heat flow and gas hydrate concentration is
inversely correlated. Accordingly, when heat flow values decrease (e.g. over the
Central and Patagonia regions), the methane hydrate concentration increase. On the
contrary, close to the Chile Triple Junction, the higher is the heat flow; the lower is
the concentration of the gas hydrate. This pattern can be explained because the
stability of hydrate is more susceptible to changes in temperature than pressure
(Ruppel, 2000) and, thus, a region of highly anomalous heat flow the dissociation of

the hydrate is promoted.

Finally, according to the above, it is suggested that the organic carbon-bearing
sediment accreted and deformation processes (e.g. faulting and fracturing)
contribute to the formation of hydrates in the Chilean margin. However, the
concentration of methane hydrate is strongly controlled by the heat flow through

the overriding plate.
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6. CONCLUSIONS

The results of this research thesis regarding gas hydrates and heat flow in sediments

on the Southern Chile continental slope allows concluding that:

ii.

iii.

The BSR along the Chilean margin (33° - 57° S) is identified in the
marine sediments in the accretionary prism, at around 2000 m water
depth, and between 90-600 meters below seafloor. Besides, in the
region close to the Chile Triple Junction (~46° S), a shallower, strong
and continuous BSR exists that deepens, weakens and becomes less
continuous northwards. This change is directly related to the age of

the downgoing oceanic plate.

The heat flow density, estimated in the Central and Patagonia regions
of the Chile Pacific margin, is one-third to two-thirds of the expected
global mean for an oceanic crust of that age. These lower values may
be related to increased hydrothermal circulation resulting from bend-
faulting of the oceanic plate prior to subduction, in addition to faulting
and fracturing in the overriding plate that facilitates the entry of cold

seawater, thus cooling the forearc.

Close to the CT]J, the heat flow estimated is up to 280 mW m??
indicating that the overriding South American Plate is effectively
heated by subjacent zero-age oceanic plate material. However, heat
flow density is overall only one-third of the expected values. This can
be explained by the influence of local hydrothermal circulation in the

subducted crest of the Chile spreading ridge and the overlying forearc.
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iv.

Vi.

Thus, faults and fractures are indeed the pathway for fluids from two
sources: one deeper source, where warm fluids flow through the
seafloor, and an oceanic source, where cold seawater penetrates into

the accretionary wedge and forearc, cooling the whole system.

Hydrate concentration values close to the CT] are on average 4% of the
total rock volume. This relatively low value is due to the stability of
hydrate being more susceptible to changes in temperature than
pressure. Thus, highly anomalous heat flow promotes dissociation of

the hydrate.

In the Patagonia section of the Chilean Pacific margin region, there is
an extensive methane hydrate concentration zone. The average
thickness of the gas hydrate layer modelled is almost 300 m, with
average concentrations up to 10%. These high concentrations and
thicker layers likely exist because the accreted sediment sequences are
affected by deformation, promoting the methane formation,

accumulation and preservation as hydrates.

Generally, the masses of organic carbon-bearing sediment accreted
and deformation processes (i.e. faulting and fracturing) contribute to
the formation of hydrates in the Chilean margin. However, the
concentration of methane hydrate is strongly controlled by the heat

flow through the overriding plate.
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