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Abstract: In recent decades, the Chilean margin has been extensively investigated to better charac-
terize the complex geological setting through the geophysical data. The analysis of seismic lines
allowed us to identify the occurrence of gas hydrates and free gas in many places along the margin
and the change of the pore fluid due to the potential hydrate dissociation. The porosity reduction
due to the hydrate presence is linked to the slope to identify the area more sensitive in case of
natural phenomena or induced by human activities that could determine gas hydrate dissociations
and/or leakage of the free gas trapped below the gas-hydrate stability zone. Clearly, the gas hydrate
reservoir could be a strategic energy reserve for Chile. The steady-state modelling pointed out that
the climate change could determine gas hydrate dissociation, triggering slope failure. This hypothesis
is supported by the presence of high concentrations of gas hydrate in correspondence of important
seafloor slope. The dissociation of gas hydrate could change the petrophysical characteristics of
the subsoil triggering slopes, which already occurred in the past. Consequently, it is required to
improve knowledge about the behavior of the gas hydrate system in a function of complex natural
phenomena before the exploitation of this important resource.

Keywords: gas hydrate; Chilean margin; porosity; hazard; slope

1. Introduction

In recent decades, the Chilean margin has been extensively investigated to better
characterize the complex geological setting through the acquisition of geophysical data
and, in particular, seismic lines. The analysis of seismic lines allowed us to identify the
occurrence of gas hydrates in many places along the Chilean margin [1–17]. Moreover,
the gas hydrate presence has been confirmed by the presence of cold seeps emitting
methane at the seafloor in both active and passive margins [18–24].

Along this margin, the gas hydrate reservoir was perforated for the first time with the
ODP Leg 141, located near the Chile triple junction [1,2]. These measurements estimated
an average concentration of gas hydrate and free gas equal to 18% and 1% of the volume,
respectively [1,2]. The seismic data analysis acquired along the margin has allowed us
to estimate a similar concentration [9,12,14,16]. In fact, a high-amplitude reflector, called
a bottom simulating reflector (BSR) representing the base of the gas hydrate reservoir,
was identified on the seismic sections. This reflector corresponds to the transition from gas
hydrate-bearing sediments characterized by high seismic velocity to sediments containing
free gas with low seismic velocity. In some cases, it is possible to recognize the base of the
free gas, known as the Base of the free Gas Reflector (BGR). The seismic velocity extracted
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from seismic data analysis is translated in terms of gas hydrate and free concentrations by
using the method proposed by References [25,26].

Clearly, the gas hydrate reservoir could be seen in one hand as a strategic energy
reserve for Chile, since hydrates have been identified through its entire continental margin
from Valparaiso to Patagonia region (~4000 km length, e.g., [27]), while also including
the methane hydrate concentration zone (MHCZ) located off the coast of the Patagonia
region with a very thick hydrate layer of 290 m and an estimated methane budget of
~3 × 1013 m3 under normal pressure and temperature conditions [16], but, on the other
hand, the dissociated gas hydrate due to climate change could be an issue to face. Moreover,
this region is characterized by large and mega-scale earthquakes [28] that may contribute to
gas hydrate dissociation and consequent submarine slides triggering. In fact, the geological
and tectonic environment of this margin is very complex and is driven by the interaction
between three main plates (Antarctic, Nazca, and South American) that converge at a
specific point called the Chile Triple Junction (CTJ) ([29], Figure 1). Moreover, moving to
the south, it is possible to identify the interaction between the Antarctic, South American,
and Scotia plates, named Fuegian Triple Junction (FTJ) ([7], Figure 1).

In this context, it is important to characterize the gas hydrate reservoir and underlying
free gas layer in order to identify the strategic zone for gas-phase distribution from the
energy point of view and zone more sensitive from a hazard point of view. In addition,
the integration of the available information allows us to understand the parameters, such as
geothermal gradients and geological features, which affect the gas stability and distribution.
This objective is possible by integrating all available information extracted from the analysis
of the seismic line.
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Figure 1. Map of the investigated area. Black lines: analyzed seismic lines. Black rectangles: the
location of the A, B and C panels. Black star: CTJ. Black Dot: FTJ. Dashed Lines: division between
plates. Red Line: Outer deformation front. In the panels A, B and C, the red lines indicate the portion
of the seismic lines that were analyzed.
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2. Materials and Methods

Seismic lines presented in this work (Figure 1) were acquired in the frame of the
following research projects (for details, see Reference [11]): (1) SO161 profiles collected
during the RV SONNE cruise performed in 2001, (2) RC2901 and RC2902 profiles collected
during the RV CONRAD cruise in 1988.

The streamer adopted for the acquisition of the SO161 profiles was a long 3000 m with
132 channels. The inter-trace of the first 24 channels was equal to 12.5 m, becoming 25 m
for the remaining channels. The seismic source was composed by an array of 20 air guns
characterized by a total volume of 54.1 l. The spacing between shots was 50 m.

A digital streamer with 240 channels spaced 12.5 m with offsets up to 3300 m was
adopted for the acquisition of the RC2901 and RC2902 seismic profiles. The seismic source
was composed of an array of 10 air guns with a total volume of 61.3 l. The distance between
shots was 50 m.

All profiles were processed with the following procedure in order to evaluate the
concentration of hydrate and free gas, as already explained in other studies (i.e., [9],
Figure 2):

1. Identification of BSR: Processing of the seismic profiles to identify the BSR and BGR,
if possible, and selection of the portion of seismic lines showing the presence of them.

2. Detection of gas hydrate and free gas: a depth seismic section and a reliable velocity
model obtained applying the Kirchhoff pre-stack depth migration in an iterative ap-
proach. An example of the obtained velocity model is shown in Figure 2A. For details,
see Reference [9].

3. Estimate of the concentrations of gas hydrate and free gas: the difference between
velocity distribution, obtained by the application of the pre-stack depth migration,
and theoretical velocities in the absence of gas-phase allows estimating gas-phase con-
centrations. The gas hydrate presence is characterized by positive anomalies of seismic
velocity, while the free gas presence is indicated by negative anomalies. The theoret-
ical velocity is estimated by using the method proposed by References [25,26]. It is
important to mention that the gas-phase estimate is affected by error due to some
assumptions about sediment property because of what direct measurements lack.
In Figure 2B, it is reported that the theoretical porosity was adopted to evaluate the
theoretical velocity. An example of the obtained concentration section is shown in
Figure 2C.

The seafloor and BSR depth extracted from the depth seismic section is adopted to
evaluate the regional geothermal gradient (GG), as described in Reference [10]. The ac-
curacy of the velocity models was verified through sensitive tests, estimating an error
equal to about 5% [10]. It also evaluated the propagation of the error in depth, which was
evaluated to be equal to 2%. Finally, the average percentage error of the gas hydrate and
free gas concentrations was estimated to be equal to 1 and 2.5%, respectively, as described
by Reference [10].

The change in the porosity due to the gas hydrate presence was evaluated to link
the gas hydrate amount with the petrophysical properties changes in marine sediments.
To reach this goal, we estimated the hydrate porosity (HP), as defined by Reference [30],
obtained from the gas hydrate concentrations. HP represents the difference between
the porosity of the sediments without a gas hydrate (adopted to evaluate the theoretical
velocity of water-bearing sediments, Figure 2B) and the reduced porosity because of the
hydrate presence estimated comparing the velocity obtained from the seismic analysis
and the theoretical velocity of gas hydrate-bearing sediments (Figure 2D). Clearly, HP is
directly related to fluids content. In Figure 2E, an example of the HP section is reported,
showing the lateral and vertical variation of HP along the line. The HP is averaged within
the hydrate layer for all cells in the same column to obtain a single value for each point,
as reported in Figure 2E,F. In case of hydrate dissociation, this value represents the change
of the fluid and the solid parts, which could affect the slope stability. Hence, it is linked
with the slope of the seafloor, as shown in Figure 2F.
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Figure 2. (A) Seismic model of inverted layers on line RC2901–727. (B) Theoretical porosity used
for estimating the velocity distribution in the absence of gas-phase and to calculate the HP. (C)
Gas hydrate (positive values) and free gas (negative values) concentration model on line RC2901–
727. (D) Reduced porosity because of the hydrate presence on line RC2901–727. (E) HP section.
(F) HP variations due to the gas hydrate presence (grey area) and slope variation (black line) on line
RC2901–727.
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We modelled the theoretical methane hydrate stability zone (HSZ) with a steady state
approach to identify the zone where the conditions exist for its stability from Valparaiso to
Taitao Peninsula, which is more promising from the energy point of view (Figure 3). The in-
put data were collected in literature, as described in detail in Reference [31]. GGs were
estimated as the ratio between heat flow and thermal conductivity considering data pub-
lished by Reference [15]. Seafloor temperature and the salinity water column were available
in the National Oceanographic Data Center website, while water depth was available from
the GMRT website. The gas composition was considered as pure methane on the basis
of ODP Legs 141 and 202 [32,33]. The base of methane HSZ at the present condition was
estimated as the intersection of the methane HSZ and the temperature curve and shown in
Figure 3A. To evaluate the effects of climate change on the methane hydrate, we considered
future possible scenarios changing the seafloor temperature and water column thickness,
as discussed in the next section, on the basis of Intergovernmental Panel on Climate Change
(IPCC) and National Aeronautics and Space Administration (NASA) forecasts for the next
50 and 100 years. In Figure 3B, the colored lines represents the intersection between the
base of methane HSZ and the seafloor to highlight the areas affected by climate change.

Energies 2021, 14, x FOR PEER REVIEW 5 of 13 
 

 

We modelled the theoretical methane hydrate stability zone (HSZ) with a steady state 
approach to identify the zone where the conditions exist for its stability from Valparaiso 
to Taitao Peninsula, which is more promising from the energy point of view (Figure 3). 
The input data were collected in literature, as described in detail in Reference [31]. GGs 
were estimated as the ratio between heat flow and thermal conductivity considering data 
published by Reference [15]. Seafloor temperature and the salinity water column were 
available in the National Oceanographic Data Center website, while water depth was 
available from the GMRT website. The gas composition was considered as pure methane 
on the basis of ODP Legs 141 and 202 [32,33]. The base of methane HSZ at the present 
condition was estimated as the intersection of the methane HSZ and the temperature 
curve and shown in Figure 3A. To evaluate the effects of climate change on the methane 
hydrate, we considered future possible scenarios changing the seafloor temperature and 
water column thickness, as discussed in the next section, on the basis of Intergovernmen-
tal Panel on Climate Change (IPCC) and National Aeronautics and Space Administration 
(NASA) forecasts for the next 50 and 100 years. In Figure 3B, the colored lines represents 
the intersection between the base of methane HSZ and the seafloor to highlight the areas 
affected by climate change. 

 
Figure 3. The left panel reports the area where modelling was performed by Reference [31]. Panel A shows the base of 
methane HSZ at the present conditions. In Panel B, the solid-colored lines represent the intersections between the base of 
the methane HSZ and the seafloor for scenarios reported in the legend and described in Reference [31]. 

3. Results 
The presence of the gas hydrate, free gas, and features related to them was recognized 

along the entire Chilean margin. For simplicity, the Chilean margin is divided in three 
parts: the northern part from 36° S to 40° S, the center part from 40° S to 45° S, and the 
southern part south of 45° S. 

One of the most representative parts of the northern part of the Chilean margin is the 
seismic line (RC2901-727), located at about 36° S, that shows a strong and continuous BSR 
[13]. Below it, it is possible to recognize a layer characterized by low seismic velocity 

Figure 3. The left panel reports the area where modelling was performed by Reference [31]. Panel A shows the base of
methane HSZ at the present conditions. In Panel B, the solid-colored lines represent the intersections between the base of
the methane HSZ and the seafloor for scenarios reported in the legend and described in Reference [31].

3. Results

The presence of the gas hydrate, free gas, and features related to them was recognized
along the entire Chilean margin. For simplicity, the Chilean margin is divided in three
parts: the northern part from 36◦ S to 40◦ S, the center part from 40◦ S to 45◦ S, and the
southern part south of 45◦ S.

One of the most representative parts of the northern part of the Chilean margin is
the seismic line (RC2901-727), located at about 36◦ S, that shows a strong and continu-
ous BSR [13]. Below it, it is possible to recognize a layer characterized by low seismic
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velocity (1380–1450 m/s) associated with free gas, showing the lowest velocities values
in correspondence of the uplift section where a high concentration of free gas equal to
0.6% of total volume was estimated. The distribution of gas hydrate changes along the line
reaching the high concentration in the western part (about 17% of total volume). In addi-
tion, the distribution of gas hydrate and free gas concentrations seems to have an opposite
trend. In correspondence of high concentration of gas hydrate, it is present at a low free gas
concentration and vice versa. Along this line, the GG, extracted from BSR depth, is about
87 ◦C/km, and it decreases to 32 ◦C/km in the western part. This variable GG is related to
the variable BSR depth (400 to 200 mbsf).

The seismic velocity of the layer containing gas hydrates was translated in terms of
porosity variations caused by the hydrate presence, as shown in Figure 2, reporting the
seafloor slope extracted from the seismic data. This line shows high porosity variations
(about −35%), corresponding to the highest gas hydrate concentration, in correspondence
of a higher seafloor slope (about 30◦).

Another characteristic of the northern part is the presence of strong velocity variation
above the BSR, as clearly detected offshore Arauco along the seismic line SO161-44, while
low velocity is recorded (about 1550 m/s) below the BSR and associated to free gas [10].
A discontinuous BSR is recognizable at about 500 mbsf, and the concentration of gas hydrate
reaches values equal to about 15% of the total volume. On the contrary of the previous
seismic line, the GG is quite constant, showing an average value of about 30 ◦C/km.

North to Mocha Island, located at about 38.3◦ S, two marine campaigns have been
performed with the scope of acquiring bathymetric data, seawater samples, and marine
sediments [34]. The analysis of the acquired data allowed us to discover a positive relief,
composed by five aligned mud cones. The authors hypothesized that these features are
located in proximity of the intersection between the theoretical HSZ and the seafloor where
hydrates are not stable, favouring flow escapes. The analysis of two seismic lines located
south to the Mocha Island supports this hypothesis because of their location in proximity
of important features associated with past hydrate dissociations [14]. The line SO161-35,
at about 12 km south to the Mocha Island, shows a strong and continuous BSR with a
variable depth and a maximum thickness of about 200 mbsf in the western portion, while
along the line RC2901-731, at about 60 km south to this island, it is possible to recognize
a discontinuous and locally strong BSR. It is important to notice that the BSR reaches
the seafloor in the eastern part of the line SO161-35. Hence, the hydrate is present in the
shallow sediments and, consequently, sensitive to a temperature change of the sea-bottom
water. In both seismic lines, it is possible to recognize a BGR with an average thickness of
about 70 m, supported by a drop in seismic velocity below the BSR. The concentration of
free gas ranges from 0.1% to 1.1% of the total volume and from 0.1% to 0.3% of the total
volume for SO161-35 and RC2901-731 profiles, respectively. A relative high concentration
of gas hydrate, that ranges from 12% to 20% of total volume, is associate with a high
velocity (ranging from 1700 to 1900 m/s) detected above BSR. In correspondence of the
portion characterized by low velocity, in both sections, it is possible to recognize that the
seafloor is affected by faults and fractures characterised by small slips. An opposite trend
in distribution of gas hydrate and free gas concentration was recognized for both sections.
Even if the GG has a variable trend along the seismic profiles, the SO161-35 section shows
a higher GG (from 60 to 110 ◦C/km) than the GG estimated in the RC2901-731 section
(from 35 to 65 ◦C/km). In Figure 4, the porosity variations due to the gas hydrate presence
and the seafloor slope for the SO161-35 and RC2901-731 profile are reported. Regarding
the SO161-35 profile, higher seafloor slope values (up to 30◦) are near the coastline, where
porosity variations are negligible because of a gas hydrate absence. On the other hand,
note that, in the correspondence of the zone where the BSR and the hydrate presence is
shallow, the slope reaches the highest values, indicated by a red arrow in Figure 4A.



Energies 2021, 14, 709 7 of 13Energies 2021, 14, x FOR PEER REVIEW 7 of 13 
 

 

 
Figure 4. (A) Porosity variations due to a gas hydrate presence (grey area) and slope variation 
(black line) along the line SO161-35. Red arrow indicates the zone characterized by a high seafloor 
slope and a shallow depth of bottom simulating reflector (BSR). (B) Porosity variations due to a 
gas hydrate presence (grey area) and slope variation (black line) along the line RC2901-731. 

The RC2901-731 line generally shows low seafloor slope (less than 10°) along the 
whole profiles, while the porosity decrease is evident in the western part of the profile. 
The high free gas concentration along the SO161-35 profile in the proximity of Mocha Is-
land could be linked to the dissociation of hydrate caused by past slides, as stated by Ref-
erence [35], or by stored free gas below an impermeable hydrate layer [14]. Meanwhile, 
the lowest concentration of the free gas along the RC2901-731 seismic profile could be 
explained by a high fluid escape through faults and fractures, preventing free gas storing, 
associated with a limited fluid supply from deep zones. 

Moving south, the SO161-29 seismic profile located offshore Valdivia shows the pres-
ence of many faults and fractures that affect the shallower sediments, confirming a high 
tectonic activity of this area [13]. This high tectonic activity could be the explanation for a 
weak and discontinuous BSR with a depth of about 550 mbsf recognized along this line, 
allowing estimating a GG equal to 35 °C/km. A high concentration of hydrate ranging 
from 10% to 17% of total volume are recognized along the line. Figure 5 shows a strong 
decrease in porosity due to the hydrate presence with an absolute maximum value of 70% 
in correspondence of a seafloor slope showing values less than 10°. Free gas below the 
BSR is not recognized and this absence could be related to the presence of faults and frac-
tures. 

Figure 4. (A) Porosity variations due to a gas hydrate presence (grey area) and slope variation (black
line) along the line SO161-35. Red arrow indicates the zone characterized by a high seafloor slope
and a shallow depth of bottom simulating reflector (BSR). (B) Porosity variations due to a gas hydrate
presence (grey area) and slope variation (black line) along the line RC2901-731.

The RC2901-731 line generally shows low seafloor slope (less than 10◦) along the
whole profiles, while the porosity decrease is evident in the western part of the profile.
The high free gas concentration along the SO161-35 profile in the proximity of Mocha
Island could be linked to the dissociation of hydrate caused by past slides, as stated by
Reference [35], or by stored free gas below an impermeable hydrate layer [14]. Meanwhile,
the lowest concentration of the free gas along the RC2901-731 seismic profile could be
explained by a high fluid escape through faults and fractures, preventing free gas storing,
associated with a limited fluid supply from deep zones.

Moving south, the SO161-29 seismic profile located offshore Valdivia shows the
presence of many faults and fractures that affect the shallower sediments, confirming a
high tectonic activity of this area [13]. This high tectonic activity could be the explanation
for a weak and discontinuous BSR with a depth of about 550 mbsf recognized along this
line, allowing estimating a GG equal to 35 ◦C/km. A high concentration of hydrate ranging
from 10% to 17% of total volume are recognized along the line. Figure 5 shows a strong
decrease in porosity due to the hydrate presence with an absolute maximum value of 70%
in correspondence of a seafloor slope showing values less than 10◦. Free gas below the BSR
is not recognized and this absence could be related to the presence of faults and fractures.

In the central part of the Chilean margin, the BSR becomes strong and continuous as
well as the BGR, as detected by the SO161-40 seismic line located south of Chiloe Island [12].
Along this profile, the maximum depth of the BSR (about 600 mbsf) is identified in proximity
where the estimated GG is about 25 ◦C/km. Moving toward the east, the BSR depth
decreases when it is associated with an increase of GG reaching the value of 45 ◦C/km.
The maximum value of hydrate and free gas concentrations is about 9.5% and 0.5% of total
volume, respectively, even if their concentrations are quite variable along the seismic line.
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We focalized our attention to the RC2901-734 seismic line, located offshore Coyhaique
(44◦ S), that could be considered characteristic of the central part of the Chilean margin.
This line shows a strong BSR in the eastern and western portions [9,10]. The BSR depth is
variable reaching a maximum depth in the eastern portion (330 m) and in the western one
(250 m), while the minimum depth (130 m) is in the central part where the water column
thickness is smaller. The BSR is not present when there are intensive deformations with
faults and fractures. Below the BSR, a free gas layer is recognized with an average thickness
of 70 m, as detected by the presence of a BGR. The estimated GG, ranging from 35 to
95 ◦C/km, is explained by the variable BSR depth along the line. In fact, the maximum GG
is in proximity of the central part where the BSR depth is minimal. The western part of the
line is characterized by the highest concentration of hydrate (about 23% of total volume),
which becomes negligible moving toward the east, while it varies from 4% to 9% in the
eastern part. In Figure 6, it is reported that the decrease in porosity (about 40%) is caused
by the hydrate presence in correspondence of a seafloor slope of 40◦.
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In the central part of the seismic line, there is no porosity variations because the
concentration of gas hydrate is limited, while, moving toward the west, the porosity
decreases until about −20% because of a higher gas hydrate concentration. The porosity
decrease is accompanied by a constant slope equal to about 70◦. Therefore, this area is quite
critical from a hazard point of view. As already highlighted for other lines, the distribution
of free gas concentration shows the opposite trend compared to the gas hydrate distribution.
Furthermore, the higher values (3% of total volume) are recorded in correspondence of
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the central part and decrease toward the eastern and western parts (1% of total volume).
The anticlinal located in the central part constitutes a trap for the accumulation of fluid.

South of CTJ, the RC2901-751 profile shows an anomalous estimated geothermal
gradient, ranging between 35 to 190 ◦C/km, related to the proximity of the CTJ. High con-
centrations of gas hydrate are in the western part of the line, reaching values ranging
between 7% and 10% of the total volume, while the highest concentrations of free gas (up
to 0.8% of total volume) are present in the eastern part. Clearly, the distribution of the gas
hydrate and free gas concentrations seem to have the opposite trend.

Moving south from the FTJ, only one seismic line (RC2902-790) was analysed to per-
form the first estimation of the phase-gas in Patagonia [16]. High velocity was recognised
to be above the BSR due to the presence of a gas hydrate, whereas the seismic velocity
(1600–1700 m/s) below it is too high to justify a free gas presence, but too low to justify
water-bearing sediments [36]. Moreover, the base of free gas is not recognised, so we can
hypothesise that the resolution of the data is not adequate to detect the base of free gas
or that there is a patchy distribution of the free gas in the pore space [26]. The average
concentration of the hydrate is about 3.4% of the total volume with a maximum value
of 10% of the total volume where the BSR is the strongest. In this area, the presence of
BSR was already supposed by other authors [4,7,8]. In fact, the line IT95-171, located in
proximity of the line RC2902-790, shows the presence of a continuous and high-amplitude
BSR. Moving toward the north, BSR disappears and is not recognised along other seismic
lines located in proximity of the FTJ. Clearly, BSR absence does not exclude the presence of
gas hydrates, even if the high heat flow, related to the interaction of the plates, could inhibit
the hydrate presence. Moving beyond this Triple Junction a few kilometres away, the BSR
is recognised at 500 mbsf in a limited portion of old seismic lines. In Figure 7, the porosity
variation along the line RC2902-790 is reported. The western portion of the line shows a
very small decrease in porosity (around 6%) with a seafloor slope around 40◦. Therefore,
in this part of the Chilean margin, the effect on slope instability due to potential hydrate
dissociation is marginal.
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The steady-stated modelling allowed us to verify where a gas hydrate could be
interesting by the energy point of view, but also define the areas where gas hydrate are
sensitive to a climate change in the northern part of the Chilean margin where the gas
hydrate concentration is more promising (see Figure 3). The exploitation of a gas hydrate
reservoir cannot prescind to understand the effects of climate change on the gas hydrate
reservoir because, at the moment, it is not clear whether the trend of the temperature and
sea level varies. Therefore, the different future scenarios based on the IPCC and NASA
forecasts were developed by considering an increase in the temperature equal to +2 ◦C
and +4 ◦C and an increase in the sea level equal to +1.6 m and +3.2 m. These scenarios
represent the forecast of the next 50 and 100 years, respectively. The modelling of present-
day conditions pointed out that, at the present day, the base of methane HSZ could be
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at 580 mbsf (Figure 3A). In addition, climate change could strongly affect gas hydrate
stability and, in particular, the increase in temperature would determine the gas hydrate
dissociation along the upper slope, as shown in Figure 3B. The colored lines represent
the intersection between the base of the methane HSZ and the seafloor for the considered
scenarios. As shown in Figure 3, the climate change could determine the shift of the
intersection between the base of the methane HSZ and the seafloor toward the east with a
consequent dissociation of hydrate.

4. Discussion

The Chilean margin shows a strong variability in the distribution of the hydrate and
free gas concentrations, which is very interesting from the energy point of view, but, on the
other hand, also sensitive to different geo-hazards, affecting this region. The interaction
between regional and local factors seems to be the cause driving the variability in the
distribution of hydrate and free gas. For example, the high GG in proximity of the FTJ
factors could explain the absence of a gas hydrate, as pointed out by different authors [16].
Clearly, the exploitation of the gas hydrate reservoir has to be accompanied by identifying
possible hazards, which could affect logistical operations during the exploitation phases.

Moving from north to the CTJ, the gas hydrate concentration decreases from a maxi-
mum value equal to 20% of the total volume to about 10% of the total volume in proximity
of CTJ. The GG is variable along the margin, but, moving toward the south, it increases up
to 200 ◦C/km. As already mentioned, high GG is in accordance with the absence of gas
hydrate in proximity of FTJ. Southern to the FTJ, the porosity variations are limited when
compared to the norther part, even if the slope reaches values higher than 60◦. Based on
available data, this portion of the margin does not seem interesting for hydrate exploitation,
as better explained in the following. On the other hand, the zone northern to the FTJ shows
a higher concentration of hydrate and free gas, but it could be more sensitive to gas hydrate
dissociation because porosity decreases in correspondence of higher seafloor slope values,
and, clearly, the gas hydrate dissociation could change the petrophysical characteristics of
subsoil, triggering seafloor instabilities.

The analysis of seismic lines highlights that, in some cases, free gas is absent or present
in a small concentration and it seems to be related to faults and fractures, allowing the
fluids to escape. On the other hand, in the northern and central sector, the absence of BGR
can be associated with basal accretion processes, as reported by Reference [11].

From the exploitation point of view, the northern part of the Chilean margin is more
promising because of the high hydrate concentrations (for example ~20% of the total volume
along the profiles SO161-35 and RC2901-731 offshore Mocha Island). The hydrate reservoir
located close to the coast (e.g., less than 10 km offshore Valparaíso and Arauco, [31])
requires easier logistic conditions for future mining expeditions and reduced seafloor
slope when compared to the South (Figure 2, Figure 4, and Figure 5). However, in this
area, sediments seem to consist primarily of homogeneous dark olive-grey to dark grey
silty clay and clay (e.g., ODP Leg 202 Sites 1234 and 1235, [33]), which, on the basis of
the Gas Hydrate Resources Pyramid model [37] results, are not convenient for mining in
comparison with the sand bodies, which can contain discrete and isolated reservoirs being
richly concentrated. Moreover, the proximity of the hydrate reservoir to the coast is an
aggravating factor from an environmental point of view because the potential dissociation
of gas hydrate induced by natural phenomena, such as climate change or earthquakes,
and/or anthropogenic activities could affect the stability of the margin, as underlined
by the modelling Figure 3 (see details in Reference [31]) and they should be considered
during the exploitation planning in order to avoid risks for the population living near the
coast. In addition, along the line SO161-35, the hydrate is present close to the seafloor
(Figure 3A, [14]), where the slope reaches the highest values, suggesting that the slope
stability of the margin should be appropriately monitored in the case of exploitation.

The central and southern sectors of the margin seem to be less interesting from an
energy point of view due to limited and local distribution of gas hydrates (Figures 6 and 7).
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Furthermore, as well as the northern part, sediments in the area of the CTJ consist primarily
of fine grain silty clays [38], which are not promising for exploitation. Nevertheless,
southern of the CTJ, there are a lack of well data (e.g., ODP Legs). Therefore, no information
on deposit permeability, porosity, or sediment content is available. At this stage, it requires
more efforts to obtain these parameters for evaluating the potentiality of the reservoir.
In conclusion, the future exploitation of a gas hydrate reservoir requires a deep knowledge
of the natural and anthropogenic factors affecting hydrate stability. The improvement of
the geological dataset will become essential when defining prospecting areas in all sites
interesting from a gas hydrate point of view.

5. Conclusions

The Chilean margin is very interesting from a gas hydrate point of view, as pointed
out from the analysis of seismic lines acquired along the whole margin. Therefore, the gas
hydrate could be a good opportunity to answer energy demand of Chile. In the north
portion (from about 35◦ S and 39◦ S), the gas hydrate reservoir is interesting from an energy
point of view, even if the reservoir is hosted in low permeability sediments. Then, efforts
should be devoted to better characterize the gas hydrate reservoir in this portion of Chile,
considering the possible geo-hazards that could affect the exploitation activities. In the
central and southern part of the margin, the gas hydrate presence is local and limited,
so the interest from an energy point of view is more limited. In any case, the additional
dataset, including geophysical, geochemical, and geological data, are required to better
characterize the reservoir. In addition, this area is sensitive to different geo-hazards, which
should be considered in the case of exploitation of the reservoir. In fact, here, gas hydrate
reservoirs are strongly affected by geological activity (tectonics, earthquakes) and climate
change that could determine gas hydrate dissociations and/or leakage of the free gas
trapped below HSZ. Furthermore, the steady-state modelling performed from Valparaíso
to Taitao Peninsula pointed out that the climate change could determine gas hydrate
dissociation, triggering slope failure. This hypothesis is supported by the presence of
high concentrations of gas hydrate in correspondence of an important seafloor slope.
The hydrate dissociation could change the petrophysical characteristics and, in particular,
the fluid and solid contents of the subsoil triggering slopes, which already occurred in
the past. In conclusion, before exploiting this important reservoir, more effort should
be devoted to gaining a better characterization of the reservoir acquiring a new dataset,
including geophysical, geochemical, geological, and well data, and a better understanding
of the relation between the hydrate system and hazards that could affect the exploitation.
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