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Preface to “Gas Hydrate”

In recent decades, gas hydrates have been considered a possible reservoir of natural gas, even

if the actual global estimate is very rough. The growing interest in the scientific and industrial

communities for gas hydrates is focused on: (1) the assessment of methane hydrate as a new “clean”

energy source, (2) the relationship between gas hydrate and global climate change, (3) the geological

hazards connected to the gas hydrate and, recently, (4) a wide range of industrial applications based

on the specifics of the processes of gas hydrate formation and dissociation. Gas hydrates can be

related to environmental risks because their dissociation could affect seafloor stability and release

methane and associated gases into the water column. Also well known is the role of methane as an

important greenhouse gas, and any methane release into the atmosphere would have an impact on

climate change.

Gas hydrates also have an influence on geopolitics. In fact, the biggest natural gas importers

as China, India, and Japan have significant hydrate reserves and have started challenging and

generously funded programs for marine gas hydrate production. On the other hand, other

countries, such as in Europe, have reduced financial resources dedicated to this topic. Gas hydrate

deposits are investigated using geophysical methods. Significant progress in the development

of deep-water high-resolution geophysical tools and technology during the 21st century is due

mainly to the acceleration of gas hydrate studies. The seismic technique, which is used mostly

for gas hydrate investigations, allows for detection of a clear indicator of the boundary between

hydrate and free gas accumulation, known as bottom-simulating reflector (BSR). Moreover, the

seismic data provide information about the geometry of the main geological structures, allowing

for possible explanations of the presence of gas hydrate. In the last few years, the integration

of geophysical (mainly seismic and electromagnetic data), geochemical, and heat-flow data have

allowed for detecting and characterizing gas hydrate and free gas volumes and their distribution in

the sediments. Thus, reviews of extensive geophysical surveys and direct measurements combined

with geological interpretation and theoretical modeling will increase our understanding of the

occurrence, distribution, and concentration of gas hydrate and the underlying free gas beneath the

ocean bottom and in the permafrost regions.

This Special Issue offers the scientific community an opportunity to illustrate the

multidisciplinary research developed in parts of the world such as Arctic and offshore Chile, where

the interest in gas hydrates is from an energy and environmental point of view.

Umberta Tinivella, Michela Giustiniani, Ivan De La Cruz Vargas Cordero, Atanas Vasilev

Special Issue Editors
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Abstract: This Special Issue reports research spanning from the analysis of indirect data, modelling,
laboratory and geological data confirming the intrinsic multidisciplinarity of the gas hydrate studies.
The study areas are (1) Arctic, (2) Brazil, (3) Chile and (4) the Mediterranean region. The results
furnished an important tessera of the knowledge about the relationship of a gas hydrate system
with other complex natural phenomena such as climate change, slope stability and earthquakes, and
human activities.

Keywords: natural gas hydrate; methane cycle; global change; ecosystem; geohazards; risk assessment;
environmental impact; multidisciplinary; blue growth

1. Introduction

In recent decades, gas hydrates have been considered a possible reservoir of natural gas, even if
the actual global estimate is very rough [1–4]. The growing interest in gas hydrate of the scientific and
industrial communities is focused on: (1) the assessment of methane hydrate as a new “clean” energy
source, (2) the relationship between gas hydrate and global climate change, (3) the geological hazards
connected to the gas hydrate, and, recently, (4) a wide range of industrial applications based on the
specifics of the processes of gas hydrates formation and dissociation. Gas hydrates can be related to
environmental risks because their dissociation could affect seafloor stability and release methane (and
associated gases) into the water column. Also well known, methane is an important greenhouse gas
and any release of it into the atmosphere would have an impact on climate change [1,4–9].

Gas hydrates could have an influence on geopolitics. In fact, the biggest natural gas importers as
China, India and Japan have significant hydrate reserves and started challenging and generous funded
programs for marine gas hydrate production, i.e., [10–14]. On the other hand, other countries, such as
Europe, have reduced financial resources dedicated to this topic.

Generally, gas hydrate deposits are investigated using geophysical methods, i.e., [15,16]. A
significant progress/improvement in the twenty-first century of the deep water high resolution
geophysical tools and technology is due mainly to acceleration of gas hydrate studies. The seismic
technique, which is used mostly for gas hydrate investigation, allows for detecting a clear indicator of
the boundary between hydrate and free gas accumulation, known as bottom simulating reflector (BSR),
i.e., [17]. Moreover, the seismic data provide information about the geometry of the main geological
structures, allowing for possible explanations of the presence/absence of gas hydrate [18,19]. In the last
few years, the integration of geophysical (mainly seismic and electromagnetic data), geochemical, and
heat-flow data have allowed for detecting and characterizing gas hydrate and free gas volumes and
their distribution in the sediments, i.e., [20–23]. Thus, reviews of extensive geophysical surveys and

Geosciences 2019, 9, 443; doi:10.3390/geosciences9100443 www.mdpi.com/journal/geosciences1
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direct measurements combined with geological interpretation and theoretical modelling will increase
our understanding of the occurrence, distribution, and concentration of gas hydrate and the underlying
free gas beneath the ocean bottom and in the permafrost regions, i.e., [24–29].

This Special Issue has offered to the scientific community an opportunity to illustrate
multidisciplinary research developed in part of the word, such as Arctic and offshore Chile, where the
interest about gas hydrate is from an energy and environmental point of view.

2. An Overview of the Special Issue

The Special Issue is composed by 9 scientific articles and 1 review paper, spanning from analysis of
indirect data, modelling, laboratory and geological data confirming the intrinsic multidisciplinarity of
the gas hydrate studies. The papers are grouped based on the study areas that are (1) Arctic, (2) Brazil,
(3) Chile and (4) Mediterranean region.

2.1. Arctic

Natural gas hydrates are discovered for the first time in a permafrost region in Russia in 1976 [30].
Then, the number of studies was increased year by year, mainly due to the rapid increase of the surface
temperature in this region in order to understand the relationship between gas hydrate stability and
global warming, i.e., [31–34].

Chuvilin et al. [35,36] modeled the role of salt migration and warming in the destabilization of
intra permafrost hydrates in order to understand if the destabilization of intrapermafrost gas hydrate
could be related to methane emission on the Arctic shelf. The intrapermafrost hydrate could be
present at a shallow depth and transform into a relict state. In the paper [35], the authors’ studies
of the interaction of frozen sandy sediments containing relict methane hydrates with salt solutions
of different concentrations at negative temperatures to assess the conditions of intrapermafrost gas
hydrates dissociation. The results of the experiments are that the migration of salts into frozen
hydrate-containing sediments activates the decomposition of pore gas hydrates and increases the
methane emission. Moreover, in the paper [36], the authors analyzed the effect of temperature increase
on frozen sand and silt containing metastable pore methane hydrate in order to reconstruct the
conditions for intrapermafrost gas hydrate dissociation. The experiments showed that the dissociation
process in hydrate-bearing frozen sediments exposed to warming begins and ends before the onset of
pore ice melting. The critical temperature sufficient for gas hydrate dissociation varies from −3.0 ◦C to
−0.3 ◦C and depends on lithology (particle size) and salinity of the host frozen sediments. Considering
an almost gradientless temperature distribution during degradation of subsea permafrost, even minor
temperature increases can be expected to trigger large-scale dissociation of intrapermafrost hydrates.
So, References [35,36] have furnished an important piece of the knowledge about the mechanism of
massive methane release from bottom sediments of the East Siberian Arctic shelf.

Many studies have demonstrated the coexistence of subaqueous permafrost, gas hydrate and the
effect of the subaqueous on their formation/dissociation, i.e., [37]. Nevertheless, before Reference [38],
an empirical method, which allows for an easy initial estimation of the conditions sufficient to have the
stability of hydrate below subaqueous permafrost in absence of direct geological or geophysical data,
was missed. In this Special Issue, for the first time a quick-look method that allows estimating the
steady-state conditions for gas hydrate stability in the presence of subaqueous permafrost is presented.
Different thermodynamic conditions typical of subaqueous permafrost in shallow waters both in
marine and lacustrine environments are considered. The approach is derived for pressure, temperature,
and salinity conditions typical of subaqueous permafrost in marine (brine) and lacustrine (freshwater)
environments and it can be easily and reliably applied to assess if the sufficient conditions to have
hydrate stability are satisfied.
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2.2. Brazil

In this area the gas hydrate is explored only recently. This Special Issue reported the review of the
evidences of venting from gas hydrate provinces along Brazil’s continental margin in [39]. In literature,
only indirect indications of the presence of gas hydrate were reported analyzing seismic data in two
deep-water depocenters: the Rio Grande cone in the Pelotas Basin and the Amazon deep-sea fan in the
Foz do Amazonas basin. Recently, direct data, such as seafloor sampling of gas venting, confirmed gas
hydrate presence. The modeling of the hydrate stability zone confirmed that the hydrate is stable for
water depth greater than about 500–700 m. Moreover, the identified gas venting is located along the
feather edge of the stability zone, suggesting gas hydrate dissociation or upward fluid flow through
the stability zone facilitated by tectonic structures recording the gravitational collapse of depocenters.

Reference [40] focused their attention on the Amazon deep-sea fan and adjacent continental
slope, investigating the molecular stable isotope compositions of hydrate bound and dissolved gases
in sediments. A dominant microbial origin of methane via carbon dioxide reduction was detected;
however, a possible mixture of thermogenic and microbial gases are recovered in sites located in the
adjacent continental slope.

Finally, Reference [41] analyzed the deep structures related to the high concentrations of CO2

detected along the southeastern Brazilian Margin by using a multidisciplinary approach. Gravimetric
and magnetic potential methods were used to identify major intrusive bodies, crustal thinning and
other geotectonic elements of the southeastern Brazilian Margin. Modeling based on magnetic, gravity
and seismic data suggests a major intrusive magmatic body just below the reservoir where a high CO2

accumulation was found. Small faults connecting this magmatic body with the sedimentary section
could be the fairway for the magmatic sourced gas rise to reservoirs, confirming that mapping and
understanding the crustal structure of sedimentary basins are important steps for “de-risking” in the
exploration process.

To conclude, these three papers indicated that it is important to model the quantities of gas that
may be transferred from sediments to the oceans offshore Brazil. Considering the possible existence of
gas hydrate provinces in other basins along the Brazilian margin, further investigations are necessary.

2.3. Chile

In the last decade, the studies about gas hydrate presence along the Chilean Margin are increased
rapidly, furnishing information about distribution and quantification of gas hydrate and free gas from
seismic data analysis in several zones of the Chilean Margin, i.e., [42,43]. Here, Reference [44] presented
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 at the
Chile Triple Junction. Seismic data analysis indicated high gas hydrate concentration and extremely
high geothermal gradients. The large amount of hydrate and free gas estimated, 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. So, the Chile Triple Junction is
an important methane seepage area and should be the focus of novel geological, oceanographic, and
ecological research.

In order to extrapolate information about potential hydrate distribution along the whole Chilean
margin, Reference [45] modeled the gas hydrate stability zone using a steady state approach to evaluate
the effects of climate change on gas hydrate stability. Present day conditions were modelled using
published literature and compared with available measurements. Then, the effects of climate change
on gas hydrate stability in 50 and 100 years on the basis of Intergovernmental Panel on Climate
Change and National Aeronautics and Space Administration forecasts are modeled. An increase in
temperature might cause the dissociation of gas hydrate that could strongly affect gas hydrate stability.
Moreover, it is important to consider that the high seismicity of this area could have a strong effect on
gas hydrate stability.

3
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The results of these two papers confirm that the Chilean margin should be considered as a natural
laboratory for understanding the relationship between gas hydrate systems and complex natural
phenomena, such as climate change, slope stability and earthquakes.

2.4. Mediterranean Region

In the Mediterranean Sea, evidences of the hydrate presence are unclear from indirect data analysis.
Nerveless, the Eastern Mediterranean Sea is expected to host a significant amount of hydrate because
large areas of the seabed are located within the hydrate stability zone [46]. Multiple observations
indicate the availability of gas, required for the formation of hydrate, across the seafloor. In particular,
numerous mud volcanoes are present, primarily along the accretionary complex and to a lesser degree
in the Nile fan [47]. The scope of known seepage is continuously expanding as new data become
available, providing further evidence for the potential for hydrate formation. To date, hydrate has
been sampled only in several mud volcanoes of the accretionary complex, starting in the Anaximander
Seamount region, i.e., [48,49]. In addition, a recent 3D dataset acquired in the Levan Basin, southeastern
Mediterranean Sea, suggested that this region could be promising in regards to gas hydrate [50].
Reference [50] estimated the potential inventory of natural gas hydrate in the Levant Basin correlating
the gas hydrate stability zone with seismic indicators of gas and providing a potentiality of carbon in
this area.

Another key point to understand is whether or not the Mediterranean region hosted hydrate in
the past. Compared to the abundant literature on present-day gas hydrates, only few studies deal with
their past occurrence or with fossil seep-carbonates recording the dissociation of gas hydrates, i.e., [51].
In fossil sediments, the paleo-occurrence of gas hydrate is particularly challenging to assess, due to the
lack of well-established proxies and to the uncertainties on the reconstruction of paleoenvironmental
conditions (pressure, temperature, depth) controlling the hydrate stability field. Clathrate-like
structures have been reported in fossil deposits and can be used as an indication of past gas hydrate
destabilization, i.e., [52]. Additional evidences can be yielded by geochemical signatures, the large
dimensions of seep-carbonate deposits (several hundred meters in lateral extent and tens of meters in
thickness) and the association with sedimentary instability (soft-sediment deformations) in hosting
sediments [53]. Reference [54] could be considered pioneer in this background. In fact, they combined
multiple field and geochemical indicators for paleo-gas hydrate occurrence based on present-day
analogues to investigate fossil seeps located in the northern Apennines. They recognized clathrate-like
structures, such as thin-layered, spongy and muggy textures and microbreccias. Non-gravitational
cementation fabrics and pinch-out terminations in cavities within the seep-carbonate deposits are
ascribed to irregularly oriented dissociation of gas hydrates. Additional evidences for paleo-gas
hydrates are provided by the large dimensions of seep-carbonate masses and by the association
with sedimentary instability in the host sediments. Moreover, heavy oxygen isotopic values in the
examined seep-carbonates indicated a contribution of isotopically heavier fluids released by gas hydrate
decomposition. Their result agrees with the calculation of the stability field of methane hydrates for
the northern Apennine wedge-foredeep system during the Miocene indicating the potential occurrence
of shallow gas hydrates in the upper few tens of meters of sedimentary column.

So, References [50,54] suggest that the Mediterranean region should be investigated in order
to understand the reason of the past-presence and the quite-absence of gas hydrate by using a
multidisciplinary approach spanning from field data to modeling.

3. Key Message for Future Research

This Special Issue points out that more studies are necessary to better understand the complexity
of the natural gas hydrate system around the world. More efforts should be devoted to correctly
quantify the global amount of carbon stored in hydrate form and their relationship with other complex
natural phenomena, such as climate change, slope stability and earthquakes, and human activities.
Therefore, we hope that new research will be started in order to acquire new data by using innovative
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technologies to refine the existing theories or define new theoretical models that cover all aspects of
this complex phenomena.
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Abstract: Destabilization of intrapermafrost gas hydrate is one possible reason for methane emission
on the Arctic shelf. The formation of these intrapermafrost gas hydrates could occur almost
simultaneously with the permafrost sediments due to the occurrence of a hydrate stability zone after
sea regression and the subsequent deep cooling and freezing of sediments. The top of the gas hydrate
stability zone could exist not only at depths of 200–250 m, but also higher due to local pressure
increase in gas-saturated horizons during freezing. Formed at a shallow depth, intrapermafrost
gas hydrates could later be preserved and transform into a metastable (relict) state. Under the
conditions of submarine permafrost degradation, exactly relict hydrates located above the modern
gas hydrate stability zone will, first of all, be involved in the decomposition process caused by
negative temperature rising, permafrost thawing, and sediment salinity increasing. That’s why
special experiments were conducted on the interaction of frozen sandy sediments containing relict
methane hydrates with salt solutions of different concentrations at negative temperatures to assess
the conditions of intrapermafrost gas hydrates dissociation. Experiments showed that the migration
of salts into frozen hydrate-containing sediments activates the decomposition of pore gas hydrates
and increase the methane emission. These results allowed for an understanding of the mechanism of
massive methane release from bottom sediments of the East Siberian Arctic shelf.

Keywords: Arctic shelf; permafrost; gas hydrate; salt migration; thawing; hydrate dissociation;
methane emission; environmental impact; geohazards

1. Introduction

The Arctic shelf is the most promising hydrocarbon production area. However, its development is
associated with the solution of a number of problems that are associated with the conditions of relict
permafrost and the presence of gas hydrates [1–4]. Of particular interest is the assessment of methane
emissions during the shelf permafrost degradation and the hydrate decomposition due to heat and
mass transfer processes. According to many researchers, dissociation of gas hydrate formations in
bottom sediments makes the largest contribution to methane emissions on the Arctic shelf [5–12].

Geosciences 2019, 9, 188; doi:10.3390/geosciences9040188 www.mdpi.com/journal/geosciences8
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Gas hydrates are crystalline clathrate compounds that are formed from gas (mainly methane in
natural conditions) and water under certain temperature and pressure conditions [13,14]. An important
characteristic of gas hydrates is a huge accumulation of gas in the clathrate structure-up to 160 volumes
of gas in one volume of hydrate. As it is well known, methane is one of the most active greenhouse
gases. In this regard, the dissociation of Arctic gas hydrates, accompanied by the active emission of
methane into the atmosphere, can have a significant greenhouse effect and cause climate change [15,16].

Under natural conditions, gas hydrates are formed and exist in the bottom sediments of the
seas and oceans, as well as in the areas of permafrost distribution where there exist favorable
temperatures, pressurization, and geochemical conditions. On the Arctic shelf, gas hydrates can
be expected at depths of the sea of 250–300 m, as well as at shallower depths in the presence of
underwater permafrost. Considering that the thickness of the submarine permafrost can reach several
hundred meters, gas hydrate formations can be located both in the sub-permafrost and intrapermafrost
horizons [17–20]. The possible existence of hydrates within the gas hydrate stability zone (GHSZ) in
the East Siberian Arctic shelf (ESAS) was predicted in the late 1970s, when it was understood that the
high-latitude, shallow ESAS has been alternately subaerial and inundated with seawater during glacial
and interglacial periods, respectively. Submarine conditions foster the formation of permafrost and
associated underlying hydrate deposits, whereas inundation with relatively warm seawater destabilizes
the permafrost and hydrates [21,22]. Later, hydrates were found at shallower depths (around 20 m),
and their existence within the entire permafrost body was attributed to a so-called “self-preservation
phenomenon” [23–25]. These “relict” gas hydrate formations in permafrost soils could have formed
earlier, when there were favorable thermobaric conditions. Subsequently, when thermobaric conditions
changed, hydrate transferred to the metastable state due to the manifestation of the self-preservation
effect [26–29]. Transition from the last glacial period to the current warm Holocene, accompanied by
sea level rise that inundated the previously-exposed shelf area, started 5–12 years ago. According to
modeling results, sufficient time has elapsed since inundation to cause permafrost/hydrate system
destabilization, which is manifested by formation of taliks (areas of completely thawed sediments
within a permafrost) in a certain fraction of the ESAS affected by fault zones, runoff from large rivers,
and thermokarst [11,18,21,30,31].

ESAS sediments have not been considered a CH4 source to hydrosphere or atmosphere because
submarine permafrost, which underlies most of the ESAS, was considered to be continuous and to
act as an impermeable lid [18], preventing CH4 escape through the seabed. However, multi-year
data (2000–2018) showed extreme CH4 super-saturation of surface waters (up to 10,000% saturation),
implying that about 90% of the total ESAS area serves as a source of CH4 to the atmosphere [12] and
high air-to-sea bubble fluxes occur at numerous seepage sites [11,31]. Conservative estimation of
CH4 ebullition from the coastal ESAS areas yields an annual contribution of at least 9 Tg-CH4, which
increases annual atmospheric flux from the ESAS to 17 Tg-CH4, on par with flux from the entire Arctic
tundra [11]. That estimate does not include the non-gradual CH4 release discovered recently on the
outer ESAS. Sustained CH4 release to the atmosphere from thawing Arctic subsea permafrost and
dissociating hydrates were suggested to be positive and likely to be significant feedbacks to climate
warming [32,33].

Since most hydrate deposits in the Arctic are permafrost-controlled, stability of permafrost is a
key to whether hydrates are stable [31]. According to the permafrost thermobaric conditions of the
Laptev Sea shelf, there are gas hydrates in the underwater permafrost. However, due to the absence of
deep drilling, direct data on the presence of gas hydrate formations is not observed. Nevertheless, by
indirect evidence, a number of researchers associate active gas shows with dissociation of gas hydrate
formations [12,34–36].

The reason for the hydrate destabilization on the Arctic shelf can be both permafrost degradation
as a result of the temperature increase, and the processes of penetration of seawater and salt ions
contained in it into the layer of hydrate saturated frozen sediments. Today, the issues of salt transfer
as a result of the interaction of cooled sea water with frozen hydrate-containing sediments are not
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sufficiently considered. In this regard, the experimental studying of the mechanism and hydrate
dissociation parameters in frozen sediments as a result of salt migration is of particular interest for
assessing the role of salt transfer in destabilization of intra-permafrost gas hydrate formations and
methane emission on the Arctic shelf.

2. Methods

Experimental modeling of gas hydrate dissociation in frozen sediments as a result of salt migration
included the following steps:

1) Preparation of hydrate containing sediment samples, using a pressure cell for artificial
hydrate saturation;

2) Freezing of hydrate saturated samples in the pressure cell and transfer pore hydrates to a
metastable state by reducing gas pressure to atmospheric at a negative temperature;

3) Extraction of frozen hydrate-saturated samples from the pressure chamber and their contact
with a cooled NaCl solution at constant negative temperature and atmospheric pressure.

The objects of study were sandy samples:

- Quarts fine sand (sand 1)
- Silty sand (predominantly quartz composition) sampling during drilling operations on the Laptev

Sea shelf (Buor-Khaya Bay in the area of the Muostakh island) (sand 2) (Table 1), where active
gas emission was registered, and according to some indirect data there is a probability of the
existence of natural hydrate formations in submarine permafrost [11,16,31,37,38].

Table 1. Particle size distribution and mineral composition of investigated sediments.

Sample Sampling Site
Particle Size Distribution, %

Mineralogy
1–0.5 0.5–0.25 0.25–0.1 0.1–0.05 0.05–0.001 <0.001

Sand 1 - 6.5 6.5 79.6 2.2 3.1 2.1 >90% quartz

Sand 2 Laptev Sea shelf
(well 1D-11, 40–46 m) 1 9 52 20 16 2

54% quartz
41% microcline + albite

4% illite

The listed mineral phases have percentages >1%.

The initial values of salinity of sandy samples are given in Table 2.

Table 2. Salinity and chemical composition of water extracts from investigated sediments.

Sample
Anions, mEq/100 g Cations, mEq/100 g Salinity, %

pH HCO3
− Cl− SO4

2− Ca2+ Mg2+ Na+ + K+

Sand 1 7.1 0.075 0.025 0.06 0.025 - 0.135 0.01
Sand 2 8.4 0.89 5.00 - 0.4 4.9 0.6 0.4

The method of obtaining frozen hydrate-containing samples included sediment samples (twins)
preparation of a cylindrical shape (about 3 cm in diameter and 6–9 cm long) with a given moisture
content (14–16%), and placing them in a pressure cell, sealing and vacuuming the pressure cell with
samples, filling the pressure cell by hydrate-forming gas (CH4—99.98%), and creation of conditions
for uniform saturation of the sediment pore space with gas hydrate [23,39]. Several samples were
prepared (about 5–6 pcs.) at the same time, which had similar values of water content, density, and
hydrate saturation. After hydrate saturation, which lasted at least 1 month, hydrate saturated sediment
samples were frozen at the temperature of −7 ± 1 ◦C. As a result, the residual pore moisture in the
samples that did not transfer to the hydrate became frozen out. Subsequently, the gas pressure in
the cell, which was at a negative temperature, was dropped to 0.1 MPa, converting the frozen pore
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hydrate to a metastable state. The frozen hydrate-saturated samples were then taken out. The samples
had a massive ice–hydrate texture with pore hydrate contents uniformly distributed over the sample
height [23,40].

For the obtained frozen hydrate-containing samples, prior to their contact with the salt solution,
the initial physical parameters (moisture content, density, hydrate content) were determined. Then, the
hydrate-containing samples were brought into contact and cooled up to the experiment temperature
NaCl solution at a temperature below zero. The experiments were carried out at temperatures from
−2.5 ◦C to −4 ◦C and concentrations of salt solution from 0.1 to 0.4 N (accordingly to the natural
Laptev Sea water concentration, which equals 10–34%� [41]). The duration of the tests depends on the
experimental conditions and ranged from several tens of minutes to several days. For control, one of
the samples was stored at a given negative temperature, but was not brought into contact with the salt
solution. These control data showed that during the experiment the change in the hydrate content
of sediment samples under self-preservation conditions was insignificant, and the main decrease in
hydrate saturation of other samples was caused by salt migration.

During the experiments, the dynamics of the interaction of frozen hydrate-containing samples
with a salt solution over time, as well as the effect of the concentration of the NaCl contact solution
and the ambient temperature on the hydrate dissociation processes in the porous media of sediments
were studied. In experimental modeling, hydrate-containing samples were removed from contact
solution at certain time intervals. A number of parameters were determined for each sample,
characterizing the content of moisture, salts and gas hydrate along the sample length separately in
nine-ten 7–10-mm-thick layers of the samples after interaction with the salt solution. This made it
possible to trace the dynamics of saline front migration, thawing, and dissociation of gas hydrate
formations in frozen sediment samples.

Gas contents were estimated by measuring the volume of gas released (with 2–3 times repeatability)
as the samples were thawing in a saturated NaCl solution. Samples with residual hydrate content
were put in a special glass tube filled with brine (saline solution), and as a result of gas hydrate
dissociation and methane release volume of the brine in the glass tube was changed. And by the
volume difference, it was possible to estimate gas content in studied samples. The obtained values
were used to estimate hydrate content and hydrate coefficient [23,40], assuming a hydrate number of
5.9 for methane hydrate [19,39,42]. Specific gas content (G, cm3/g) was found as

G =
(V2 −V1) ∗ T

ms
,

where: (V2 − V1)—change in the volume of liquid in the gas collector tube (cm3); T—temperature
correction; ms—the mass of the sediment sample (g).

The weight gas hydrate content (H, wt.% of sample weight) was determinate for each interval as

H = mg ∗ 7.64 ∗ 100%, (2)

where mg is a specific gravity of methane in gas hydrate form (g/g i.e., grams of gas in per gram of
sediment) calculated from the specific gas content (G) for pure methane.

The fraction of water converted to hydrate or the hydrate coefficient (Kh, u.f.) is given by

Kh =
Wh
W

, (3)

where Wh is the percentage of water in a hydrate form (wt.% of sample weight) and W is the total
amount of water or moisture content (wt.%) [19,43].

The samples on which the moisture content was determined were further used for the interval
determination of the content of salt ions that migrated from the contact salt solution. First of all, water
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extractions of salt were made from samples, and then analysis of the Na+ ion concentration was carried
out by the method of water extracts on a flame photometer PFP-7 (Jenway).

3. Results

Experimental modeling showed that the interaction of frozen hydrate saturated sediments with a
cooled salt solution leads to an active diffusion of salt ions into the sediment sample, which results
in sample salinization. Comparison of experimental data on the accumulation of salt ions in frozen
hydrate-containing samples with frozen non-hydrate-containing samples under the same conditions
indicates that migration of salt ions in the hydrate-containing samples occurs more intensively. So, in a
frozen hydrate-containing sample, 46 h after the start of interaction with a 0.2 N solution of NaCl, ions
(Na+) penetrated 7.3 cm deep into the sample, and in a frozen non-hydrate-containing sample, only
5.6 cm deep with higher salt accumulation (Figure 1).

Figure 1. Salt ion accumulations (Na+) in frozen sand samples (sand 1, W = 14%) containing (red line)
and not containing (blue line) hydrate in porous media after 46 h of contact with 0.2N NaCl solution
under the temperature −4 ◦C.

The process of migration of salt ions in the frozen hydrate-containing sample was accompanied
by an increase in the liquid phase content in the sample and hydrate dissociation in the pore space.

Migrating salt ions cause melting of ice in porous media, including ice on the surface of conserved
gas hydrates in the pore space of the frozen sample, and thereby activate the gas hydrate decomposition.
Experimental studies allowed us to trace the movement in time of the salinity front of the frozen
hydrate-containing sample under negative temperature conditions (−4 ◦C) (Figure 2). After 4 h of
frozen hydrate-containing sample contact with a salt solution, the salt ions (Na +) penetrated on 2.5 cm,
the salt ion content in the contact zone increased up to 0.7 mg EQ/ 100 g, and a day later (29 h after the
start of the experiment) salts penetrated to a depth of about 5 cm. The maximum accumulation of salt
ions in the sample reached 1.6 mg EQ/ 100 g.

The accumulation of salt ions in the studied sand samples affected the hydrate content. In the
initial state (before contact with the solution) for sand samples (sand 1) about 60% of the pore moisture
was in the hydrate form, while the hydrate saturation of the samples was about 40%. In the process of
unilateral salinization, the proportion of pore moisture in the hydrate form (Kh) decreased, and the
front of the complete decomposition of the gas hydrate appeared (Figure 3).
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Figure 2. Accumulation of Na+ ions in samples of frozen hydrate saturated sand (sand 1, W = 14%)
in time when interacting with 0.2 N NaCl solution at a temperature of −4 ◦C. (A–D) is the time of
interaction with the salt solution, respectively, 3.9, 17.5, 25.5 and 28.8 h.
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Figure 3. The change in the hydration coefficient (Kh) in frozen hydrate saturated samples of sand
(sand 1, W = 14%) in time when interacting with 0.2 N NaCl salt solution at a temperature of −4 ◦C.
(A–D) is the time of interaction with the salt solution, respectively, 3.9, 17.5, 25.5 and 28.8 h.

A joint analysis of the distribution of salt ions (Figure 2) and the hydration coefficient (Kh) over
the height of the sample (Figure 3) shows that the amount of salinity determines the residual content of

14



Geosciences 2019, 9, 188

pore gas hydrate. In this case, it is possible to determine a certain critical content of salt ions in sandy
samples, which causes the complete decomposition of gas hydrate formations in the sediment. Under
specified conditions (temperature −4 ◦C and the concentration of a contact solution of NaCl 0.2 N) in
sediment samples (sand 1), the critical salt accumulation was about 0.7–0.8 mg EQ/ 100 g.

In the process of salts migration in the frozen hydrate-containing sample, in addition to the
hydrate decomposition front in porous media, a thawing front may occur when the accumulated salt
ions completely transform pore ice into water. The movement of two fronts can be traced on Figure 4:
hydrate decomposition front and thawing of pore ice.

 
Figure 4. Experimental assessment of the gas hydrate decomposition front in porous media and the
thawing front in frozen hydrate-containing sandy samples (sand-1, W = 14%) when interacting with
0.2 N NaCl salt solution at the temperature −4 ◦C.

The hydrate decomposition front is ahead of the thawing front since a higher value of salt
accumulation in the frozen sample is needed for thawing. The thawing front in the sample is well
marked by the characteristic change in the color of the sample (Figure 5). Additionally, it was evaluated
using a special needle probe.
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Figure 5. Frozen sandy samples (sand 2, W = 15%) before (A) and after interaction (B) with 0.2 N NaCl
solution at −3 ◦C.

With an increase in the ambient temperature, the processes of salinity migration of the frozen
hydrate-containing sediment, and, consequently, the gas hydrate decomposition rate in pore space
increase. The study of the interaction dynamics of frozen hydrate saturated sediment (sand 2) with
0.2 N NaCl solution at the conditions of negative temperature increase (up to −2.5 ◦C) showed that
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the penetration rate of salt ions rises significantly. At a higher negative temperature, the NaCl ions
penetrated deeper in a shorter time (Figure 6).
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Figure 6. Accumulation of Na+ ions in samples of frozen hydrate saturated sand (sand 2, W = 16%)
over time when interacting with 0.2 N NaCl solution at a temperature −2.5 ◦C. (A–C)—the time of
interaction with salt solution, respectively, 0.3, 0.9 and 2.6 h.

So, already 1 h after the experiment start, salt ions penetrated on a distance of 4 cm from the salt
solution contact zone, and after 2.6 h, the migrating salt ions were registered along the entire length
of the sample (about 7 cm). An increase in the moisture content of the sample due to the migrating
solution was also observed. At the beginning of the experiment (0.3 h), the increase in water content
was only in the contact zone, and at the end of the experiment (2.6 h) along the entire length of the
sample. The overall increase in moisture content occurred from 16 to 30%, and in the contact area up to
50%. The concentration of ions (Na+) was about 5 mg EQ/ 100 g in the contact area at the end of the
experiment, which is more than 3 times the maximum concentration of salt ions in the experiment at
a lower negative temperature (−4 ◦C). More intensive migration of NaCl solution in frozen hydrate
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saturated sediments at a temperature of −2.5 ◦C cause more active gas hydrate decomposition in pore
space (Figure 7).
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Figure 7. The change in the hydration coefficient (Kh) in samples of frozen hydrate saturated sand
(sand 2, W = 16%) in time when interacting with 0.2 N NaCl solution at a temperature of −2.5 ◦C. (A–C)
is the time of interaction with the salt solution, respectively, 0.3; 0.9; 2.6 h.

Before the contact of the frozen hydrate-containing sample (sand 2) with a salt solution, about
40% of the pore moisture was in the gas hydrate form. After 0.3 h, from the beginning of the contact
of frozen hydrate-containing sample with the salt solution at −2.5 ◦C, the pore hydrate completely
decomposed at a distance of 1.8 cm from the contact area, after 0.9 h—at a distance of 3 cm, and after
2.6 h–7 cm. At the time of the experiment end, the residual values of Kh (about 25%) were registered
only in a narrow zone of the sample at the sample opposite end from the contact.

An increase in the concentration of a saline solution in contact with a frozen hydrate-containing
sample at a fixed negative temperature also leads to more intense gas hydrate dissociation in porous
media, an increase in the rate of movement of the salinity fronts and gas hydrate decomposition.
For example, at a fixed interaction time (3 h) of a frozen hydrate saturated sample (sand 2) at a
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temperature of −3 ◦C with a saline solution 0.1 N salt ions (Na +) migrated to a depth of 1.8 cm, and at
a concentration of contacting solution 0.4 N salt ions migrated almost over the entire length of the
sample. The content of salt ions in the contact area of the sample with an increase in the concentration
of the contacting solution (from 0.1N to 0.4 N) increased 6 times in 3 h of the experiment (Figure 8).
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Figure 8. Accumulation of Na+ ions in samples of frozen hydrate saturated sand (sand 2, W = 16%) after
3 h of contact with NaCl solution of various concentrations at a temperature of −3 ◦C. (A–C)—solution
concentration, respectively, 0.1, 0.2 and 0.4 N.

At the same time, an increase in the moisture content of the sample from 16% to 60% was recorded
in the contact zone.

An increase in the concentration of the contact solution accelerated movement of the gas hydrate
dissociation front in the porous space of the frozen hydrate saturated sample. Thus, at a concentration
of a contact solution of 0.1 N NaCl, the complete decomposition of a pore gas hydrate in a sediment
sample occurred at a distance of 1.9 cm, and at a concentration of 0.4 N, the pore gas hydrate completely
dissociated at a distance of 3 cm from the contact area. The maximum value of Kh in the samples
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decreased with an increase in the concentration of the contact solution from 26% to a residual value of
17% after the experiment (Figure 9).
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Figure 9. Changes in the hydration coefficient (Kh) in samples of frozen hydrate saturated sand (sand 2,
W = 16%) after 3 h of contact with NaCl solution of various concentrations at a temperature of −3 ◦C.
(A–C) solution concentration, respectively, 0.1, 0.2 and 0.4 N.

Data on the change in hydrate content of frozen hydrate-saturated sediments when interacting
with a saline solution were used to estimate the kinetics of methane emission from frozen samples
during decomposition of pore gas hydrates depending on temperature (Figure 10).
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Figure 10. Methane emission in frozen hydrate saturated samples of sand (sand 1) during the gas
hydrate dissociation in the pore space as a result of interaction with 0.2 N NaCl salt solution at
temperatures −2.5 ◦C (A) and −4 ◦C (B).

The calculated data show that the intensity of methane release from frozen hydrate-containing
samples depends on the salt ions migration rate. The more intense accumulation of salt ions at a
higher negative temperature of −2.5 ◦C led to the fact that the relative emission of methane exceeded
10 cm3/cm3 just one hour after the start of interaction with the salt solution.

Experimental results demonstrated active salt migration in frozen hydrate saturated sediment
while interacting with salt solutions, which leads to thawing of frozen sediment, destruction of
intrapermafrost gas hydrate formations and methane emission.

4. Discussion

One of the possible causes of the decomposition of intrapermafrost gas hydrates on the Arctic
shelf may be the migration of salt ions as a result of sea water interaction with underwater permafrost.
At present, there are practically no special studies in the literature on the gas hydrate dissociation
in frozen sediments porous media as a result of salt transfer. Although they may be important for
understanding the nature of methane emissions during the degradation of permafrost on the Arctic
shelf. However, since the 1980s it has been known that the interaction of frozen sediments with
salt solutions leads to the active migration of salt ions [44–46]. In this case, several mechanisms for
the salt ions transfer in frozen sediment were described, and also some regularities of their transfer
depending on external conditions were considered. In general, it was shown that the transfer of
salt ions in frozen sediment is primarily determined by the characteristics of the sediment itself
(dispersion, chemical and mineral composition, ice content), as well as temperature conditions and the
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concentration of salt solutions, and is accompanied by the processes of moisture transfer and structure
formation [45,47,48]. The experimental data on the interaction of frozen hydrate saturated sediments
with salt solutions showed that the migration of salt ions in frozen hydrate-containing sediment can
occur more intensively compared to frozen rocks non-containing hydrates, which is apparently due to
the process of dissociation of the pore hydrate and the appearance of this liquid phase water. With an
increase in the temperature of frozen hydrate bearing sediments and salt concentrations, the intensity
of mass transfer processes increases. In this case, two fronts are observed: the hydrate decomposition
front and the thawing front. The front of the hydrate dissociation in pore space is ahead of the thawing
boundary, since the phase transition of pore ice into water requires higher accumulations of salt ions
during their migration.

Schematic diagram presenting current understanding of the subsea permafrost – hydrate system
existing in the ESAS is presented and discussed by [49]. Below we focus on the salt/hydrates effect
which was not studied experimentally before. Our new experimental data can be used to illustrate
interaction between cold bottom sea water and cold/thaw sediments/subsea permafrost, and hydrates.
Downward salt migration can be considered a factor of relic hydrates dissociation (Figure 11).

methane migration through sediments/water 

gas hydrate deposits 

hydrate decomposition front 

thaw front 

salt ions migration 

hydrate dissociation front 

sea water  

sediments 

Figure 11. An estimated model of the interaction of cooled sea water with frozen sediments containing
relict gas hydrates. (a) Initial state (interaction between cold seawater and frozen sediments); (b)
Penetration of sea salt into permafrost (formation of salinity and thawing fronts); (c) Interaction of
salt front with intra-permafrost gas hydrate accumulations (decomposition of gas hydrates, active
methane emissions).

At the initial stage (Figure 11a), and after the transgression of the Arctic Sea, there is an active
interaction of seawater with underlying frozen sediment, resulting in a change in the permafrost
temperature and the formation of a thawing front [31]. Over time, the rate of thawing of the underwater
permafrost decreases. At the same time, the penetration of seawater into the thawing zone is identified
(Figure 11b). Since the frozen rocks are permeable to salt ions, the advance movement of salt ions from
seawater relative to the thawing front is observed. During migration and accumulation of salt ions in
frozen sediments, a decrease in the temperature of phase transitions and an increase in the content of
the liquid phase in sediments occurs. As a result, deceleration rate of thawing front decreases. Salt
ions migrating in frozen sediments upon reaching horizons containing relict hydrates will destabilize
them and promote their active dissociation and release of methane (Figure 11c), thus forming the
second phase transition phase—the front of gas hydrate dissociation. It occurs when a certain critical
salt concentration is reached in the frozen hydrate-containing rock. This concentration, as shown by
experimental studies, depends on the composition of hydrate-containing sediments and thermobaric
conditions. During phase transitions (hydrate-ice-water) caused by salt migration the gas permeability
of salted frozen sediments increases [50]. Methane formed during the dissociation of gas hydrates
further migrates to the bottom surface and enters seawater, where it is partially dissolved, oxidized,
and also diffused through the water column before it goes into the atmosphere (Figure 11c). The
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detailed explanation of the methane upward transport in the sediment-water column-atmosphere
system can be found in [49].

This scheme makes it possible to explain the possible cause of the numerous gas manifestations
recorded on the Arctic shelf in the areas of distribution of submarine permafrost as a result of the
destabilization of the permafrost gas hydrate formations due to heat and mass transfer processes
associated with the migration of salt ions from seawater.

5. Conclusions

New experimental results integrated with the observational data confirm a hypothesis about the
primary role of submarine permafrost and hydrate destabilization in a massive methane release in the
sediment-water-atmosphere system [11,12,31,49]. As a result of the degradation of relic submarine
permafrost (containing hydrates), active dissociation of intrapermafrost gas hydrate can occur. As
shown by experimental modeling, salt transfer plays an important role in this process.

Experimental studies revealed that salt migration during the interaction of frozen hydrate
saturated sediments with salt solutions causes their migration though frozen horizons, which leads
to decomposition of intrapermafrost gas hydrates and permafrost thawing. It was experimentally
shown that in the process of salts transfer and accumulation, two fronts are formed: thawing of frozen
sediments and gas hydrate decomposition. It is noted that the front of decomposition of gas hydrate is
ahead of the front of thawing.

Experimental studies allowed us to trace the dynamics of the thawing front and the decomposition
front of gas hydrates, caused by the migration of salts in frozen hydrate-containing sediments, and also
to obtain some consistencies on the hydrate dissociation in pore space in frozen sediments depending on
the ambient temperature and the salt solution concentration. According to the experimental modeling,
methane emissions were estimated during the decomposition of pore gas hydrates in frozen sediments
during salt transfer. The results of the experiments were used to build a model of the interaction of the
hydrate saturated permafrost with sea water on the Arctic shelf.
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Abstract: Destabilization of intrapermafrost gas hydrates is one of the possible mechanisms
responsible for methane emission in the Arctic shelf. Intrapermafrost gas hydrates may be
coeval to permafrost: they originated during regression and subsequent cooling and freezing
of sediments, which created favorable conditions for hydrate stability. Local pressure increase in
freezing gas-saturated sediments maintained gas hydrate stability from depths of 200–250 m or
shallower. The gas hydrates that formed within shallow permafrost have survived till present in the
metastable (relict) state. The metastable gas hydrates located above the present stability zone may
dissociate in the case of permafrost degradation as it becomes warmer and more saline. The effect
of temperature increase on frozen sand and silt containing metastable pore methane hydrate is
studied experimentally to reconstruct the conditions for intrapermafrost gas hydrate dissociation.
The experiments show that the dissociation process in hydrate-bearing frozen sediments exposed to
warming begins and ends before the onset of pore ice melting. The critical temperature sufficient
for gas hydrate dissociation varies from −3.0 ◦C to −0.3 ◦C and depends on lithology (particle size)
and salinity of the host frozen sediments. Taking into account an almost gradientless temperature
distribution during degradation of subsea permafrost, even minor temperature increases can be
expected to trigger large-scale dissociation of intrapermafrost hydrates. The ensuing active methane
emission from the Arctic shelf sediments poses risks of geohazard and negative environmental impacts.

Keywords: Arctic shelf; permafrost; gas hydrate; temperature increase; hydrate dissociation; methane
emission; environmental impact; geohazard

1. Introduction

A wealth of data on subsea permafrost in the Arctic shelf collected through Russian and
international research projects [1–15] has revealed large-scale methane emission from bottom sediments
into water and on into the atmosphere. The gases in the Arctic shelf are often attributed to increasing
microbial methane generation, migration of gas through taliks and faults, as well as to decomposition
of intrapermafrost and subpermafrost gas hydrates during progressive degradation of subsea
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permafrost [11,16–21]. The dissociation of hydrates related to subsea permafrost degradation has been
largely discussed lately as the main mechanism maintaining the emanation of methane [4,14,18,22–26].

Gas hydrates (clathrates) are metastable ice- or snow-like solid compounds that form from water
and low-molecular gas under certain pressures and temperatures [27,28]. One cubic meter of clathrate
can store about 160 cubic meters of gas. Natural hydrates of gas (mainly methane) can be stable in
marine sediments and in permafrost [29] and occur in the Arctic shelf below 250 m or 300 m [30,31].
Relict metastable hydrates can survive also at shallower depths in the Arctic subsea permafrost due
to self-preservation [32]. Shallow intrapermafrost metastable gas hydrates are especially sensitive to
environment changes leading to pressure decrease, temperature increase, and migration of salts [33].

The extent and structure of subsea permafrost in the Russian Arctic shelf remain poorly constrained
because of drilling shortage. Some knowledge is available for the western Arctic sector from test
boreholes and geophysical surveys [7,34], but the data from the eastern sector are limited to sporadic
findings of shelf permafrost, most often by geophysical methods [35]. The Arctic shelf permafrost has
been mapped recently with reference to modeling results, well log and core data, and geophysical
surveys [36–41]. The modeling predicts that the Arctic shelf permafrost may be as thick as 700 m, which is
favorable for the formation and preservation of intra- and subpermafrost gas hydrates [4,26,42,43].

The relation of methane emanation from bottom sediments with the presence of gas hydrates
is known from different Arctic regions (Svalbard Archipelago, Norwegian Sea, Beaufort Sea, etc.).
Gas flares up to 850 m high and 400 m thick were reported from areas of gas hydrate accumulation in
the Angola basin west of Spitsbergen Island [44,45]. There is evidence of gas eruptions, anomalous
phytoplankton abundances, bubbling in water, and meters-size pockmarks [14] in bottom sediments of
the Norwegian Sea (Vestnes, Storegga, and Nyegga areas) [30,46]. Pingo-like cone-shaped edifices
at gas vents on the bottom of the southern Beaufort Sea first described by [47] may result from gas
hydrate dissociation caused by degradation of shelf permafrost rather than being associated with
seeps from subbottom gas reservoirs as suggested by Paull and Sparrow [15,47]. More evidence of gas
emanation in the Arctic shelf comes from Bennet Island and the Mackenzie delta where gas hydrates
may occur both beneath and within permafrost [30,46,48–53].

Paleoclimate reconstructions and modeling of permafrost thickness dynamics indicate that gas
hydrates in the subsea permafrost of the eastern Arctic sector formed simultaneously with the latter
during Late Pliocene-Pleistocene regression about 20–25 kyr BP [37]. They could form at shallow
depths within permafrost at favorable thermobaric conditions the emerged sediments became frozen,
and then survived in the metastable state for a long time due to the self-preservation effect after
the pressure and temperature had changed. The onshore permafrost became submerged during
subsequent transgression which led to its warming and degradation both from below (by heat flux
through the sea bottom) and from above (by interaction with sea water) [39]. Penetration of sea water
and dissolved salts into frozen sediments [33] and increase in their temperature [4,38,41,54] apparently
destabilized the intrapermafrost gas hydrates.

Warming of subsea permafrost triggers decomposition of intrapermafrost gas hydrates into
gas (methane) and ice. The reaction consumes much of the heat and the sediments cool down,
which prevents them from further thawing. Thus, the presence of intrapermafrost gas hydrates may
account for the persistence of permafrost in the Arctic shelf and for the gradientless temperature
distribution observed in some boreholes in the Laptev shelf [4]. The liberated methane passes into sea
water, sinks to the bottom, and becomes a source of gas emission [26].

However, the thawing of frozen hydrate-bearing rocks and related dissociation of hydrates,
which can maintain self-cooling of the sediments, remains poorly studied. In this respect, experimental
modeling of the mechanism and patterns of pore gas hydrate dissociation induced by permafrost
warming may shed light on destabilization of intrapermafrost gas hydrates and hazardous emission of
methane in the Arctic shelf.
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2. Methods

The effect of temperature on the dissociation of pore gas hydrates in frozen sediments was
studied experimentally using a specially designed system (Figure 1) which can reproduce thermobaric
conditions in a large range of temperatures and pressures. The system, with a working volume of
~420 cm3, consists of a pressure cell that accommodates a metal container with samples; an analog-digital
converter (ADC); and a personal computer (PC) for saving records of pressure and temperature
changes [55]. The temperature was maintained, to an accuracy of 0.1 ◦C, by circulation of liquid
from the HAAKE Phoenix C40P refrigerated bath along the “thermal coat” around the pressure
cell. During our experiments, the temperature and pressure in the cell were accurate to 0.05 ◦C and
0.005 MPa, respectively.

 
Figure 1. Sketch of experimental setup for modeling the dissociation of pore gas hydrates. 1 = pressure
cell; 2 = container with soil samples; 3 = thermistor input sleeve; 4 = hose for circulating liquid;
5 = refrigerated bath; 6 = thermal coat; 7 = tephlon gasket; 8 = steel lid; 9 = pressure sensors; 10 = digital
pressure gauge; 11 = gas bomb; 12 = gas tube; 13 = pressure regulator; 14 = PC with ADC.

To simulate the dissociation of pore gas hydrates, natural deformed soil samples of sand,
silt, and clay silt (Table 1) were saturated with hydrate. The constituent minerals in the samples
were identified by X-ray diffractometer ULTIMA-IV (Rigaku company, Tokyo, Japan), salinity was
determined through water extracts from dry sediment samples, and the particle size distribution
(Table 2) was determined following the procedure of State Standard [56].

Table 1. Mineralogy and salinity of soil samples.

Sample Sampling Site Mineralogy, % Salinity, %

Sand
Arctic shelf

(Buor Khaya Bay)

Quartz 55
0.4Albite 18

Microcline 9

Silt
Arctic shelf

(Buor Khaya Bay)

Quartz 42.5

0.1

Albite 14.9
Illite 9.1

Chlorite 6.9
Microcline 5.9
Hydromica 3.9

Clay silt South Tambei GCF

Quartz 46.4

0.7

Albite 25.3
Chlorite 10.4

Mirror stone 7.4
Orthoclase 6.5
Kaolinite 4.2

Note: GCF = gas-condensate field. The listed mineral phases have percentages >1%.
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Table 2. Particle size distribution in soil samples.

Sample
Particle Size Distribution, %

Lithology *
1–0.05 mm 0.05–0.001 mm <0.001 mm

Sand 96.7 2.0 1.3 Fine sand
Silt 63.4 32.6 4.0 Silty sand

Clay silt 21.1 55.8 23.1 Clay silt (loam)

Note: * Lithology is according to classifications of E. Sergeev (sand) and V. Okhotin (silt and loam).

Samples were prepared from air-dry soil mixed with distilled water and crushed ice (in the case of
silt) and left for 30 min at room temperature to achieve the wanted moisture content. The wet soil was
compacted layer-by-layer in a cylindrical container (10 cm high and 4.6 cm in diameter) and placed into
a pressure cell. The pressure cell with the samples was sealed tightly, vacuumed, frozen to −5–6 ◦C,
and then filled with hydrate-forming gas (99.98% CH4) at 4−6 MPa [55,57]. Pore hydrate accumulation
was stimulated by cyclic freezing and thawing of the samples at above-equilibrium pressure.

Once hydrate formation in the samples decayed, the time-dependent kinetics of pore hydrate
accumulation and phase transition parameters were analyzed by the pressure-volume-temperature
(PVT) method [55].

The volume content of hydrate (Hv, %) was found as:

Hν =
Mh · ρ
Ms · ρh

· 100%

where Mh is the weight of pore gas hydrate (g); Ms is the weight of soil sample (g); is the sample
density (g/cm3); h is the skeleton (hydrate) density of empty square lattice (without gas molecules by
analogy with the pure ice structure); h for CH4 was assumed to be 0.794 g/cm3 [55].

Hydrate saturation or percentage of pore space filled with hydrate (Sh, %) was inferred from the
volume content of hydrate as:

Sh =
Hν
n

where n is the sample porosity (u.f.), assuming a hydrate number of 5.9 for CH4.
The fraction of water converted to hydrate, or hydrate coefficient (Kh, u.f.) was found as:

Kh =
Wh
W

where Wh is the percentage of water converted to hydrate (% of dry sample weight) and W is the total
amount of moisture (initial water content, %).

Then the frozen soil samples saturated with methane hydrate to a known level were exposed to
non-equilibrium conditions at a constant negative temperature of −6 ◦C, by decreasing pressure in
the cell to 0.6–1.6 MPa. These pressure and temperature conditions correspond to those in natural
sediments at gas emanation sites. Pore gas hydrates underwent dissociation at a decaying rate
because of the self-preservation effect [32]. The pressure in the cell was maintained at a constant
low level by slow gas release as the pressure increased. Once the pore gas hydrates reached the
metastable state, the self-preservation coefficient (Ksc) was calculated as a ratio of residual hydrate
content in a frozen sample at below-equilibrium pressure to the initial hydrate content. At the next
step, the temperature in the cell was increased for a few hours from the initial value −5 ◦C to +6 ◦C.
The recorded time-dependent temperature and pressure changes were used to calculate the volume of
releasing methane per 1 m3 of thawing hydrate-bearing soil.
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3. Experimental Results

The soil samples, which were saturated with methane hydrate in laboratory and exposed
to the self-preservation conditions by decreasing the pressure to below equilibrium (Table 3),
showed variations during the experiment caused by dissociation of pore gas hydrates.

Table 3. Hydrate saturation in frozen hydrate-saturated samples.

Sample
Water

Content, %
Density, g/cm3

Hydrate Saturation

Equilibrium Self-Preservation

Sh initial, % Kh initial, u.f. Sh final, % Kh final, u.f. Ksc, %

Sand 14 1.80 47 0.59 4 0.05 8.5
Silt 15 1.82 25 0.29 6.9 0.05 26

Loam 18 1.20 11.5 0.29 7 0.17 61

The highest percentage of pore hydrate was measured in sand (Sh = 47%), while the fraction of
water converted to hydrate (Kh) was 59%; the silt and clay silt samples showed lower respective values:
25% and 11.5% for Sh and <29% for Kh. The pressure decrease to below equilibrium led to partial
dissociation and self-preservation of pore hydrate recorded in saturation decrease [32]. At the end of
the dissociation process, the frozen samples contained 4–7% of residual hydrate. The self-preservation
coefficient (Ksc) was the highest in clay silt (61%) and the lowest in sand (8.5%).

The frozen soil samples with metastable pore methane hydrate were heated to estimate the effect of
warming on hydrate destabilization detectable in the time-dependent change of pressure, temperature,
and hydrate coefficient (Figures 2–4). In addition, temperature corresponding to the onset of rapid
pore hydrate dissociation (td) was determined for each experiment by the intersection of the tangents
to the dramatic bend of the hydrate coefficient graph (blue line) and temperature graph (red line).

Figure 2. Time-dependent change of temperature and pressure (a), and hydrate coefficient (Kh) (b) in
frozen hydrate-bearing sand exposed to warming. td is the temperature corresponding to the onset of
rapid pore hydrate dissociation.
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Figure 3. Time-dependent change of temperature and pressure (a), and hydrate coefficient (Kh) (b) in
frozen hydrate-bearing silt exposed to warming. td is the temperature corresponding to the onset of
rapid pore hydrate dissociation.

Figure 4. Time-dependent change of temperature and pressure (a), and hydrate coefficient (Kh) (b) in
frozen hydrate-bearing clay silt exposed to warming. td is the temperature corresponding to the onset
of rapid pore hydrate dissociation.
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In the beginning of the temperature increase, the pressure in the cell became slightly (0.02–0.03 MPa)
higher as a result of gas expansion, but then increased markedly upon dissociation of pore methane
hydrate. The increase was 0.1 MPa for the sand sample, 0.15 MPa for silt, and 0.2 MPa for clay silt.
Rapid dissociation of pore hydrate in the frozen samples began at different temperatures (Figure 2b,
Figure 3b, Figure 4b): td was −1.3 ◦C in sand (Figure 2b), −0.3 ◦C in silt (Figure 3b), and −2.7 ◦C
in clay silt (Figure 4b). These td values remained in the range of negative temperatures below the
pore ice–water phase transition (melting point). The td temperature was the highest in non-saline silt
(−0.3 ◦C) and shifted to lower values as salinity increased in the series ‘silt–sand–clay silt’ (Figure 5).
Thus, the dissociation temperature of metastable pore hydrate is lower in saline and fine-grained soils
than in coarser and less saline ones. Quite low td values (about −6.6 ◦C) were obtained for highly
saline clay (Z up to 1.8%) sampled in the Yamal Peninsula near the Bovanenkovo gas and condensate
field. Therefore, gas hydrates may have existed at colder conditions in the past but failed to survive as
the permafrost temperature increased to about −3 ◦C [58].

Figure 5. Temperature of rapid hydrate dissociation onset (td) in frozen hydrate-bearing samples as a
function of salinity.

4. Discussion

The experimentally revealed behavior of pore gas hydrates in samples exposed to increasing
temperatures has implications for the conditions of preservation and dissociation of gas hydrates in
the Arctic shelf permafrost. This knowledge is of special interest for the eastern Arctic sector (Laptev
shelf), where subsea permafrost is widespread and thick (600 m) and voluminous methane emission
may result from dissociation of intrapermafrost gas hydrates. The composition and temperature of
the permafrost in the area are poorly constrained for the lack of explicit geological evidence but the
origin and evolution of shelf permafrost, as well as the local conditions for gas hydrate stability, were
predicted by modeling [59–61].

The modeling results predict the following history of permafrost in the Arctic shelf. It formed
during regression about 20–15 kyr BP as the emerged rocks became exposed to prolonged cooling [40],
which produced a zone of gas hydrate stability both beneath and within the permafrost. The pore
gas present in freezing sediments could partly convert to hydrate, including at depths shallower
than 200 m [55]. The permafrost at that time had a temperature of −13 ◦C or −12 ◦C and its
thickness reached 700 m or more [42,62,63]. The subsea permafrost gradually warmed up during
the subsequent transgression (about 9 kyr BP) and has reached a temperature of −2 ◦C to −1.5 ◦C by
present. Note that the temperature field has almost no gradient [40]. The temperature increase led to
progressive degradation of the permafrost and destabilization of pore gas hydrates, including those in
the metastable state. As shown by experiments, the destabilization begins at a certain temperature
controlled by the lithology (particle size) and salinity of sediments.
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The available published evidence and experimental results allow sketching a scenario of changes
in warming subsea permafrost that contains relict metastable pore gas hydrates (Figure 6).

Figure 6. Evolution of hydrate-bearing subsea permafrost exposed to progressive temperature increase
(a, b, c, d- details below in text).

In the beginning of transgression, the temperature of permafrost increases upon interaction with
sea water. Metastable intrapermafrost gas hydrates hold as long as this temperature remains below the
critical value td (Figure 6a) but begin to dissociate once the permafrost reaches the td level (Figure 6b).
Gas hydrates dissociate and the liberated methane begins to rise toward the sea bottom and causes
swelling of sediments while the permafrost temperature is equal to or slightly above the td level
(Figure 6c). Finally, when the permafrost exceeds the critical temperature, rapid dissociation of gas
hydrates can produce active methane emission and water bubbling detectable by acoustic emission
survey [21], and pockmarks, sinkholes, and other efflux structures form on the sea bottom (Figure 6d).

The laboratory results place constraints on the amount of methane that can emit from permafrost
containing metastable gas hydrates: 1 m3 of frozen samples exposed to warming can release 1.5 m3 to
5.5 m3 of methane (Table 4).

Table 4. Amount of methane (CH4) released upon warming of frozen hydrate-bearing samples.

Sample Sh d., % CH4 Emission (m3) from 1 m3 of Thawing Hydrate-Bearing Rock

Sand 2.3 1.5
Silt 4.8 3.2

Clay silt 5.3 5.5

Since the critical temperature of the hydrate dissociation onset depends on lithology (pore size)
and salinity of the host sediments, gas hydrates in heterogeneous subsea permafrost may exist in
layers with different td temperatures. A part of accumulated gas hydrates can dissociate early during
transgression at moderate permafrost warming (−3 ◦C to −5 ◦C), but some may hold at the present
temperature level of relatively warm permafrost (−1 ◦C to −2 ◦C).

According to available field data [39], the Arctic subsea permafrost (e.g., that in the Laptev shelf)
has low salinity, and the gas hydrates it stores may dissociate rapidly even upon minor warming.
The critical temperature in non-saline sediments was predicted to be as low as td = −0.3 ◦C, while the
Laptev shelf permafrost may become 0.5 ◦C warmer already in a few decades [26,62]. Thus, warming of
subsea permafrost in the Arctic shelf to−0.5 ◦C to−1 ◦C may trigger large-scale gas hydrate dissociation
in the near future. The possibility of violent methane release from bottom sediments poses risks of
geohazard and negative environmental impacts.
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5. Conclusions

Dissociation of gas hydrates in the subsea permafrost that formed during regression is one of
possible causes of active methane emission in the Arctic shelf. The intrapermafrost gas hydrates became
destabilized at a high sea stand, when hydrate-bearing permafrost underwent rapid degradation upon
interaction with sea water which led to large-scale release of methane into the air.

The experimental study of the process in laboratory shows that active dissociation of
intrapermafrost gas hydrates starts at some critical temperature depending on sediment lithology and
salinity. The dissociation of metastable relict gas hydrates in frozen sediments exposed to warming
begins and ends slightly before the onset of pore ice melting. The critical temperature sufficient for
triggering pore hydrate dissociation in permafrost ranges from −3.0 ◦C to −0.3 ◦C, i.e., the active
process may begin even at small increase of the negative temperature of frozen sediments. Taking into
account an almost gradientless temperature field during the subsea permafrost degradation, large-scale
dissociation of gas hydrates accompanied by active gas emission and methane bubbling detectable in
water can be expected in the near future.

Thus, the theoretical calculations and the physical modeling predict that minor warming of subsea
permafrost poses risks of hazardous dissociation of metastable gas hydrates in the Arctic shelf.
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Abstract: Many studies demonstrated the coexistence of subaqueous permafrost and gas hydrate.
Subaqueous permafrost could be a factor affecting the formation/dissociation of gas hydrate. Here,
we propose a simple empirical approach that allows estimating the steady-state conditions for gas
hydrate stability in the presence of subaqueous permafrost. This approach was derived for pressure,
temperature, and salinity conditions typical of subaqueous permafrost in marine (brine) and lacustrine
(freshwater) environments.

Keywords: modeling; gas hydrate; subaqueous permafrost

1. Introduction

Gas hydrate is a naturally occurring “ice-like” material of water molecules containing gas that
forms at high pressure and low temperature, and it is present worldwide in permafrost regions (e.g.,
References [1,2]) and in marine sediments of outer continental margins [3–5], as well as beneath ice
sheets [6,7]. Methane hydrates make up to 80% of the total inventory of gas hydrates [8]. This locked
methane could be a potential future energy resource, and field experiments suggest that it may be
produced with existing conventional oil and gas production technology [9–13]. At present, ocean
warming-induced hydrate dissociation may be occurring in permafrost regions and in shallow marine
sediments in polar continental margins (e.g., References [5,14,15]), as well as in ice sheets that stored
methane in hydrate form during the last glaciation [6,7]. A significant release of methane from
dissociated gas hydrate could create a positive feedback loop of warming [16,17], as suggested for past
hyperthermal events such as the Paleocene Eocene Thermal Maximum (e.g., Reference [18]).

Permafrost is defined as the ground that remains at or below 0 ◦C for more than two years; its
extent reaches about 20% of the land of the Earth [1]. Over half of Canada and Russia, most of Alaska,
and northeast China are underlain by permafrost. Climate is one of the main drivers for permafrost
distribution [1]; note that heat flow within permafrost is mainly due to conduction, because most of
the pore fluid is in a solid state even if the presence of unfrozen fluid affects mass redistribution with
temperature and pressure changes. A way to indirectly understand if the permafrost constitutes fully
frozen bearing sediments, i.e., not unfrozen fluid, is to determine if the temperature remains almost
constant with depth. The thickness of permafrost is mainly controlled by the geothermal heat flow and
by the lithology [1]. As reported by several authors, gas hydrate can exist below permafrost, but also
within it (Reference [19] and references therein), due to the temperature and pressure conditions
favorable to its stability sustained by the presence of permafrost (e.g., References [20,21]).

If the surface temperature increases due to climate change, gas hydrate could dissociate, releasing
large quantities of methane into the atmosphere [8]. In addition, during warm periods, the sea
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level increases and the permafrost slowly degrades beneath warm and salty water. The subaqueous
permafrost (SAP) in marine and lacustrine environments differs from onshore permafrost because it is
generally relict, warmer, and degrading (e.g., Reference [1]); however, several tens of thousands of
years are necessary to melt it. Presently, SAP exists both in marine (e.g., Reference [22] and references
therein) and lacustrine [23–26] environments, as confirmed by drilling (e.g., Reference [22]), and there
is increasing interest in better understanding its response to changes in climate as indicated by several
studies [22,27–32]. The most studied SAP is located in the Arctic shelf, and several authors (e.g.,
References [1,3–5,27,29]) suggested that the SAP thickness could reach locally 1000 m with coexistence
of fully frozen and unfrozen fluid-bearing sediments. Note that the integration of sophisticated
data acquisition techniques is required to detect the presence of SAP, but the extreme environmental
conditions hinder the acquisition of data and, thus, the mapping of SAP thickness and distribution [33].
Cleary, this topic remains a challenge for the scientific and industrial communities, and modeling offers
a useful alternative to overcome the lack of data [34–37].

Hydrate located in SAP is considered only a small fraction of the global hydrate inventory, but it
is suggested to be a highly susceptible reservoir to the effects of global warming [38–40]. Clearly,
degradation of SAP and the consequent destabilization of gas hydrate could increase the flux of methane
to the ocean and, perhaps, to the atmosphere. Some authors [4,31] suggested that SAP-associated gas
hydrate deposits are present at water depths of ~120–130 m. Generally, permafrost is composed of fully
frozen bearing sediments for water depths of less than 60 m and both frozen and unfrozen fluid-bearing
sediments for greater water depths [22,41]. Sub-aerial emergence of portions of the Arctic continental
shelf over repeated Pleistocene glaciations exposed the shelf to temperature conditions, which favored
the formation of permafrost and gas hydrate. After the Last Glacial Maximum (~19 ka), coastal
inundation from sea-level rise [42,43] thawed the SAP across the Arctic (e.g., References [30,38]). Thus,
some authors [44,45] suggested that “relict” permafrost and gas hydrate may exist on the continental
shelf of the Arctic Ocean, even if a limited number of direct measurements of permafrost occurrence
on the shelf exist. At the West Yamal shelf, high-resolution seismic data indicate a continuous SAP
extending to water depths up to ~20 m offshore, and a presence of both ice- and unfrozen fluid-bearing
sediments extending further offshore to ~115 m water depth [31]. Similarly, in the western Laptev
Sea, evidence from a coastal and offshore drilling program confirms the existence of frozen sediments
on the shelf [46] with a discontinuous SAP controlled by the dynamics of coastal inundation. In this
site, the presence of unfrozen and saline permafrost suggests that permafrost may not be as cold or
thick as predicted by thermal modeling. As noticed by Romanovskii et al. [29], the reduction of the
thickness of the fully frozen bearing sediments is more pronounced than the reduction of the total
thickness of SAP during transgressions. Temperature changes in climate and transgression–regression
cycles may affect the thicknesses of the SAP and gas hydrate stability zone (GHSZ) differently. In the
East Siberian Seas, at present, permafrost degradation may be occurring in the outer part of the shelf,
whereas GHSZ may be stable or even thickening, indicating that the dynamic of permafrost thickness
and the variation of the GHSZ are similar but not identical [29]. Several authors [5,31,32] suggested
that shallow permafrost sediments in some areas of the Arctic shelf are charged with methane gas,
and sustained warming may increase the gas-venting rate in the future.

SAP can be present in the lacustrine environment even if it is highly sensitive to climate change [46].
Warmer climate accelerates the complete permafrost thaw and enhances seasonal flow within the active
layer. Hydrate could also exist in lakes with permafrost deposits, and its presence is strongly controlled
by lithology, porosity, and lake size and shape, as suggested by Majorowicz et al. [27]. They modeled
the behavior of talik permafrost and gas hydrate below shallow lakes and compared the results with
similar models of the Beaufort Mackenzie Basin. In particular, they suggested that, below a lake of any
size, where the underlying lithology is sand, the change on thermal conditions only cannot produce a
spread talik or dissociate significant gas hydrate accumulations, but just a talik of about a few tens
of meters. Regarding the effect of the porosity, their results suggest that permafrost degradation is
facilitated for porosities <40%, and, for higher porosities, gas hydrate can be stable even where deep
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taliks formed [27]. Data from the Qalluuraq Lake indicate a very high concentration of methane in
the seepage gas, which could be related to hydrate dissociation [47,48]. Here, we propose a simple
empirical approach that allows assessing, under steady-state conditions, if hydrate below SAP could
be stable for different thermodynamic conditions typical of SAP in shallow waters both in marine and
lacustrine environments. To our knowledge, this is the first empirical method that allows a quick look
and easy initial estimation of the conditions sufficient to have the stability of hydrate below SAP in
absence of direct geological or geophysical data.

2. Materials and Methods

We evaluated the sufficient conditions to have hydrate stability below the bottom of the SAP
under steady-state conditions (Figure 1). We numerically estimated the intersection between the
hydrate stability curve and the temperature profile versus pressure below sea level in order to obtain
the pressure at the GHSZ base. We used the following input parameters: (i) water depths ranging
from 50 to 150 m, (ii) SAP thickness from 0 to 500 m, (iii) saturation of ice in the SAP from 80 to 100%,
(iv) SAP temperature of −1, −1.5, or −2 ◦C, (v) geothermal gradient (GG) from 20 to 40 ◦C/km, and (vi)
water salinity of 0 (freshwater) or 3.5 wt.% (brine). These parameter ranges are based on the literature
where SAP was identified [22,29–32]. Portnov et al. [44] reported the presence of SAP in shallow waters
at about 20 m in the South Kara Sea shelf, but SAP is discontinuous for water depths greater than
about 60 m [29]. In the absence of SAP, hydrate is stable in the Arctic Ocean for water depths greater
than 250 m [22,49–51]. Romanovskii et al. [29] reported a maximum SAP thickness of about 700 m,
even if other authors considered a maximum permafrost thickness up to 500 m [31]. We considered a
range of geothermal gradients, which span the variability in thermal structure reported globally in
SAP sediments (e.g., References [29,32,52]). We imposed an annual mean SAP temperature from −1 ◦C
to −2 ◦C (e.g., References [22,53]), which needs to be at or below zero to allow the formation of ice
in the lacustrine and marine permafrost zones, respectively [22]. The pore water was assumed to be
freshwater and brine to model the lacustrine and marine environments, respectively.

Figure 1. Thickness of the gas hydrate stability zone (GHSZ) for different combinations of controlling
parameters in the marine environment (brine with 3.5 wt.% salinity). The black solid line represents the
reference case. The other curves represent a variation of one parameter with respect to the reference
case. Red dotted line: Δzw = 75 m. Green dashed line: ΔT = −1 ◦C. Yellow dashed line: ΔHSAP =

300 m. Light-blue dashed-dotted line: ΔSice = −20%. Δ means variation with respect to the reference
case. Explanation of the parameters is reported in the text.
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The saturation of ice-bearing permafrost, which indicates the thickness of ice-bearing permafrost
with respect to the total thickness of SAP, was introduced to model the discontinuity of the SAP [5].
We assumed a minimum ice-bearing SAP saturation of 80% because this is the minimum amount of
ice necessary to reach a stable permafrost system [31]. For example, if the SAP is assumed equal to
100 m and composed of 80 m of fully frozen bearing sediments and 20 m of unfrozen fluid-bearing
sediments, it means that there is 80% ice saturation. Note that we assumed the thickness of the active
layer (ground zone that freezes and thaws each year) to be much thinner than the thickness of perennial
permafrost and, thus, the active layer was not modeled. Regarding gas composition, most parts of
the Arctic permafrost are composed of pure methane (e.g., References [4,29,51,54]), although other
gases such as CO2 could also be present at the base of the permafrost driven by vertical fluid flow from
deep sources.

We evaluated the hydrate stability by using Moridis et al.’s [55] stability boundary for pure
methane hydrate. This is a conservative assumption, because the base of methane HSZ is shallower
compared to that of hydrate formed by a mixture of different type of gases. Moridis’s [55] stability
boundary is defined for pure water; therefore, we applied Dickens and Quinby-Hunt’s [56] relationship
to account for a water salinity of 3.5% weight total (wt.%) of sodium chloride. For the conversion,
we assume a pure water fusion temperature of 273.2 K, a pure water fusion enthalpy of 6008 J·mol−1,
an enthalpy of hydrate dissociation of 54,200 J·mol−1, six water molecules in the hydrate formula
(CH4·6H2O), and Blangden’s law [57] to calculate the fusion temperature of water in an electrolyte
solution of 3.5 wt.% salinity. For Blangden’s law, we assumed a water cryoscopic constant of 1853
K·g·mol−1 and a sodium chloride van’t Hoff factor of 2. In permafrost regions, the correlation between
pressure and depth is affected by poor data on pressure regime (e.g., Reference [2]). However,
some authors underlined that hydrostatic pressures should not be used in permafrost environments
because most pores are filled with ice, likely generating a pore pressures above the hydrostatic (e.g.,
Reference [58]). In this case, the depth of the base of the GHSZ would be deeper than in the hydrostatic
case [59]. Based on these considerations, we assumed the following pressure formulation modified
after Liu et al. [2]:

P = PSAP + ρw g (H − HSAP),

PSAP = Pa + Pw + ρs g HSAP Sice + ρw g HSAP (1 − Sice), (1)

Pw = ρw g zw,

where P is the pore pressure below SAP at the depth H below seabed, PSAP is the pore pressure at the
base of the SAP with a thickness HSAP, Pa is the atmospheric pressure, Pw is the hydrostatic pressure of
the water column above sediments (zw), ρw is the water density (1046 kg/m3, e.g., References [50,59]),
ρs is the bulk sediment density of the fully frozen SAP assumed as 2200 kg/m3, g is the gravitational
acceleration constant (9.81 m/s2), and Sice is the saturation of ice-bearing SAP.

To model the temperature versus depth profile, we propose the following formula:

T = TSAP + ΔTSAP + GG (H − HSAP), (2)

ΔTSAP = GG HSAP (1 − Sice),

where T is the temperature at the depth H below seabed, TSAP is the SAP temperature, and GG is the
geothermal gradient. To model the heat flow in the SAP due to the presence of unfrozen water that
allows fluid circulation, we included the term ΔTSAP that is the temperature increase in the SAP due to
the coexistence of fully frozen and unfrozen fluid-bearing sediments, as given by the parameter Sice.
Equation (2) was verified by using well data (4D12 and 4D13) in the East Siberian Arctic shelf (e.g.,
Reference [60]); the temperature increase from top to bottom of the SAP, evaluated using Equation (2),
is in agreement with the temperature measurements.

The hydrate stability curve was compared with the temperature/pressure curve to estimate the
depth of the base of the GHSZ for the marine (brine) and lacustrine (freshwater) environments. Figure 1
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shows the influence of the controlling parameters (geothermal gradient, SAP temperature, water depth,
and saturation of ice-bearing SAP) in the thickness of the GHSZ for SAP in a marine environment.
Figure 2 shows the pressure at the base of the GHSZ versus the pressure at the base of SAP for different
combinations of the controlling parameters for both marine and lacustrine environments. To easily
evaluate the stability of the gas hydrate below the SAP and the depth of its base, we fit the curves in
Figure 2 using the following relationship:

PGHSZ = a1 + a2 PSAP + a3 PSAP
2, (3)

where PSAP is the pressure at the base of SAP (see Equation (1)), and PGHSZ is the pressure at the base of
the GHSZ, which is given by the intersection of the hydrate stability curve with the temperature/pressure
curve of sediments. The parameters a1, a2, and a3 are reported in Tables 1 and 2 for the cases of
freshwater and brine, respectively. The expression reported in Equation (3) was the function that better
reproduced the theoretical curves (i.e., minimum standard deviation) and simplified the estimation
of the hydrate stability thickness below SAP. The fitting was performed by using our codes and the
open-source software XMGRACE.

Figure 2. PGHSZ versus PSAP for freshwater and brine cases. In each panel, one parameter is changed,
while the others are fixed.
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Table 1. Fitting parameters a1, a2, and a3 for modeled bottom water temperatures (T), geothermal
gradient (GG), and water depths (WD) for the freshwater case. The standard deviation (SD) is also
reported, as well as the range of pressure in which the hydrate stability is satisfied, indicated as Min/Max
PSAP and Min/Max PGHSZ.

T (◦C)
GG

(C/km)
WD
(m)

Sice

(%)
a1

(MPa)
a2

a3
(MPa−1)

SD
(MPa)

Min
PSAP

(MPa)

Max
PSAP

(MPa)

Min
PGHSZ

(MPa)

Max
PGHSZ

(MPa)

−1.0 20 50 100 28.7 1.47 −0.008 0.008 2.5 12.2 32.2 45.5
−1.0 20 50 90 28.9 1.30 −0.006 0.009 2.5 12.4 32.1 44.0
−1.0 20 50 80 29.0 1.17 −0.008 0.004 2.5 7.0 31.9 36.8
−1.0 20 75 100 28.7 1.47 −0.007 0.012 2.4 12.8 32.2 46.3
−1.0 20 75 90 29.0 1.30 −0.006 0.008 2.5 13.0 32.2 44.9
−1.0 20 75 80 29.3 1.13 −0.005 0.003 2.5 7.6 32.1 37.7
−1.0 20 100 100 28.7 1.46 −0.007 0.014 2.9 13.4 32.8 47.1
−1.0 20 100 90 29.2 1.29 −0.006 0.013 2.9 13.6 32.8 45.7
−1.0 20 100 80 29.6 1.12 −0.004 0.003 2.9 8.2 32.8 38.6
−1.0 20 125 100 28.7 1.45 −0.006 0.011 3.5 14.1 33.7 47.9
−1.0 20 125 90 29.3 1.29 −0.006 0.011 3.5 14.3 33.7 46.5
−1.0 20 125 80 29.8 1.12 −0.004 0.003 3.5 8.9 33.7 39.4
−1.0 30 50 100 14.9 1.56 −0.014 0.014 2.5 12.2 18.7 31.9
−1.0 30 50 90 15.0 1.44 −0.017 0.002 2.5 8.6 18.5 26.3
−1.0 30 50 80 15.1 1.33 −0.021 0.001 2.5 5.0 18.3 21.2
−1.0 30 75 100 15.0 1.55 −0.013 0.022 2.4 12.8 18.6 32.8
−1.0 30 75 90 15.2 1.43 −0.015 0.005 2.5 9.3 18.6 27.1
−1.0 30 75 80 15.4 1.30 −0.018 0.001 2.5 5.6 18.5 22.1
−1.0 30 100 100 15.1 1.53 −0.012 0.017 2.9 13.4 19.3 33.6
−1.0 30 100 90 15.3 1.41 −0.014 0.004 2.9 9.9 19.3 28.0
−1.0 30 100 80 15.7 1.26 −0.014 0.001 2.9 6.2 19.2 23.0
−1.0 30 125 100 15.1 1.52 −0.011 0.013 3.5 14.1 20.3 34.3
−1.0 30 125 90 15.5 1.38 −0.011 0.002 3.5 10.5 20.2 28.8
−1.0 30 125 80 16.0 1.25 −0.014 0.001 3.5 6.9 20.2 23.9
−1.0 40 50 100 8.7 1.65 −0.019 0.045 2.5 12.2 12.6 26.0
−1.0 40 50 90 8.5 1.65 −0.034 0.001 2.5 6.9 12.4 18.3
−1.0 40 50 80 8.6 1.57 −0.044 0.000 2.5 4.1 12.2 14.2
−1.0 40 75 100 8.8 1.63 −0.018 0.065 2.4 12.8 12.6 26.7
−1.0 40 75 90 8.8 1.60 −0.029 0.003 2.5 7.5 12.5 19.2
−1.0 40 75 80 9.0 1.49 −0.035 0.000 2.5 4.7 12.4 15.2
−1.0 40 100 100 8.9 1.60 −0.016 0.047 2.9 13.4 13.3 27.5
−1.0 40 100 90 9.0 1.55 −0.024 0.002 2.9 8.1 13.2 20.0
−1.0 40 100 80 9.2 1.49 −0.036 0.000 2.9 5.3 13.2 16.1
−1.0 40 125 100 9.1 1.55 −0.014 0.026 3.5 14.1 14.3 28.3
−1.0 40 125 90 9.3 1.49 −0.020 0.001 3.5 8.8 14.3 20.9
−1.0 40 125 80 9.7 1.37 −0.024 0.000 3.5 6.0 14.2 17.1
−1.5 20 50 100 29.6 1.45 −0.007 0.011 2.2 12.2 32.9 46.3
−1.5 20 50 90 29.9 1.29 −0.006 0.007 2.3 12.4 32.7 44.9
−1.5 20 50 80 30.1 1.12 −0.005 0.004 2.3 9.7 32.6 40.5
−1.5 20 75 100 29.6 1.46 −0.007 0.014 2.2 12.8 32.8 47.1
−1.5 20 75 90 30.0 1.28 −0.006 0.013 2.2 13.0 32.8 45.7
−1.5 20 75 80 30.3 1.13 −0.005 0.006 2.2 10.3 32.8 41.4
−1.5 20 100 100 29.7 1.44 −0.006 0.011 2.9 13.4 33.7 47.9
−1.5 20 100 90 30.1 1.28 −0.006 0.011 2.9 13.6 33.7 46.5
−1.5 20 100 80 30.5 1.12 −0.005 0.006 2.9 10.9 33.7 42.2
−1.5 20 125 100 29.7 1.44 −0.006 0.009 3.5 14.1 34.6 48.7
−1.5 20 125 90 30.2 1.27 −0.005 0.009 3.5 14.3 34.6 47.4
−1.5 20 125 80 30.7 1.12 −0.005 0.008 3.5 11.6 34.6 43.0
−1.5 30 50 100 15.6 1.54 −0.013 0.012 2.2 12.2 19.0 32.5
−1.5 30 50 90 15.9 1.37 −0.011 0.012 2.3 12.4 18.8 31.1
−1.5 30 50 80 15.9 1.27 −0.015 0.001 2.3 7.0 18.7 24.0
−1.5 30 75 100 15.7 1.53 −0.012 0.024 2.2 12.8 19.0 33.3
−1.5 30 75 90 16.0 1.35 −0.010 0.018 2.2 13.0 18.9 31.9
−1.5 30 75 80 16.2 1.25 −0.013 0.001 2.2 7.6 18.9 24.9
−1.5 30 100 100 15.7 1.51 −0.011 0.011 2.9 13.4 19.9 34.1
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Table 1. Cont.

T (◦C)
GG

(C/km)
WD
(m)

Sice

(%)
a1

(MPa)
a2

a3
(MPa−1)

SD
(MPa)

Min
PSAP

(MPa)

Max
PSAP

(MPa)

Min
PGHSZ

(MPa)

Max
PGHSZ

(MPa)

−1.5 30 100 90 16.2 1.34 −0.009 0.009 2.9 13.6 19.9 32.7
−1.5 30 100 80 16.5 1.21 −0.011 0.002 2.9 8.2 19.9 25.7
−1.5 30 125 100 15.8 1.49 −0.010 0.015 3.5 14.1 20.9 34.9
−1.5 30 125 90 16.3 1.32 −0.008 0.010 3.5 14.3 20.9 33.5
−1.5 30 125 80 16.8 1.19 −0.009 0.001 3.5 8.9 20.8 26.6
−1.5 40 50 100 9.3 1.62 −0.018 0.052 2.2 12.2 12.7 26.4
−1.5 40 50 90 9.3 1.52 −0.022 0.007 2.3 9.5 12.6 21.8
−1.5 40 50 80 9.3 1.45 −0.032 0.000 2.3 5.4 12.5 16.2
−1.5 40 75 100 9.3 1.61 −0.018 0.060 2.2 12.8 12.7 27.2
−1.5 40 75 90 9.5 1.49 −0.020 0.012 2.2 10.1 12.7 22.6
−1.5 40 75 80 9.6 1.42 -0.029 0.001 2.2 6.0 12.7 17.2
-1.5 40 100 100 9.5 1.57 -0.015 0.044 2.9 13.4 13.8 27.9
−1.5 40 100 90 9.8 1.45 −0.017 0.009 2.9 10.8 13.7 23.4
−1.5 40 100 80 10.0 1.37 −0.024 0.000 2.9 6.7 13.7 18.1
−1.5 40 125 100 9.6 1.54 −0.013 0.023 3.5 14.1 14.8 28.7
−1.5 40 125 90 10.0 1.40 −0.014 0.007 3.5 11.4 14.7 24.3
−1.5 40 125 80 10.4 1.28 −0.016 0.001 3.5 7.3 14.7 18.9
−2.0 20 50 100 30.6 1.44 −0.007 0.013 2.0 12.2 33.4 47.1
−2.0 20 50 90 30.8 1.27 −0.005 0.011 2.0 12.4 33.4 45.7
−2.0 20 50 80 31.0 1.12 −0.005 0.009 2.0 12.6 33.3 44.3
−2.0 20 75 100 30.6 1.44 −0.006 0.011 2.2 12.8 33.7 47.9
−2.0 20 75 90 30.9 1.27 −0.006 0.011 2.2 13.0 33.7 46.5
−2.0 20 75 80 31.2 1.11 −0.004 0.008 2.2 13.2 33.7 45.1
−2.0 20 100 100 30.6 1.44 −0.006 0.009 2.9 13.4 34.6 48.7
−2.0 20 100 90 31.0 1.26 −0.005 0.009 2.9 13.6 34.6 47.4
−2.0 20 100 80 31.4 1.11 −0.004 0.011 2.9 13.8 34.6 46.0
−2.0 20 125 100 30.6 1.42 −0.006 0.012 3.5 14.1 35.6 49.5
−2.0 20 125 90 31.2 1.26 −0.005 0.013 3.5 14.3 35.5 48.2
−2.0 20 125 80 31.7 1.10 −0.004 0.009 3.5 14.5 35.5 46.8
−2.0 30 50 100 16.3 1.52 −0.012 0.016 2.0 12.2 19.3 33.0
−2.0 30 50 90 16.5 1.35 −0.010 0.013 2.0 12.4 19.2 31.7
−2.0 30 50 80 16.7 1.20 −0.010 0.002 2.3 8.8 19.4 26.5
−2.0 30 75 100 16.4 1.51 −0.011 0.013 2.2 12.8 19.6 33.8
−2.0 30 75 90 16.7 1.34 −0.010 0.016 2.2 13.0 19.6 32.5
−2.0 30 75 80 16.9 1.20 −0.010 0.003 2.2 9.4 19.5 27.3
−2.0 30 100 100 16.4 1.50 −0.011 0.013 2.9 13.4 20.6 34.6
−2.0 30 100 90 16.8 1.33 −0.009 0.008 2.9 13.6 20.5 33.3
−2.0 30 100 80 17.2 1.17 −0.008 0.003 2.9 10.0 20.5 28.1
−2.0 30 125 100 16.5 1.47 −0.009 0.008 3.5 14.1 21.5 35.4
−2.0 30 125 90 17.0 1.31 −0.008 0.009 3.5 14.3 21.5 34.1
−2.0 30 125 80 17.5 1.16 −0.008 0.003 3.5 10.7 21.4 29.0
−2.0 40 50 100 9.9 1.60 −0.018 0.053 2.0 12.2 12.9 26.7
−2.0 40 50 90 10.1 1.43 −0.015 0.038 2.0 12.4 12.8 25.4
−2.0 40 50 80 10.0 1.36 −0.023 0.001 2.3 7.0 13.0 18.4
−2.0 40 75 100 9.9 1.58 −0.016 0.047 2.2 12.8 13.3 27.5
−2.0 40 75 90 10.2 1.41 −0.014 0.034 2.2 13.0 13.2 26.2
−2.0 40 75 80 10.3 1.33 −0.021 0.002 2.2 7.6 13.2 19.3
−2.0 40 100 100 10.1 1.54 −0.014 0.026 2.9 13.4 14.3 28.3
−2.0 40 100 90 10.5 1.37 −0.012 0.021 2.9 13.6 14.3 27.0
−2.0 40 100 80 10.7 1.28 −0.017 0.001 2.9 8.2 14.2 20.1
−2.0 40 125 100 10.2 1.51 −0.012 0.025 3.5 14.1 15.3 29.1
−2.0 40 125 90 10.7 1.34 −0.010 0.014 3.5 14.3 15.2 27.8
−2.0 40 125 80 11.1 1.23 −0.013 0.002 3.5 8.9 15.2 21.0
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Table 2. Fitting parameters a1, a2, and a3 for modeled bottom water temperatures (T), geothermal
gradient (GG), and water depths (WD) for the pore water with a 3.5 wt.% salinity (brine). The standard
deviation (SD) is also reported, as well as the range of pressure in which the hydrate stability is satisfied,
indicated as Min/Max PSAP and Min/Max PGHSZ.

T (◦C)
GG

(◦C/km)
WD
(m)

Sice

(%)
a1

(MPa)
a2

a3
(MPa−1)

SD
(MPa)

Min
PSAP

(MPa)

Max
PSAP

(MPa)

Min
PGHSZ

(MPa)

Max
PGHSZ

(MPa)

−1.0 20 50 100 25.3 1.53 −0.009 0.012 2.9 12.2 29.6 42.5
−1.0 20 50 90 25.5 1.36 −0.008 0.009 2.9 12.4 29.4 41.1
−1.0 20 50 80 25.6 1.23 −0.010 0.002 2.9 7.0 29.2 33.7
−1.0 20 75 100 25.3 1.53 −0.010 0.007 2.9 12.8 29.6 43.3
−1.0 20 75 90 25.6 1.36 −0.008 0.010 2.9 13.0 29.5 41.9
−1.0 20 75 80 25.9 1.21 −0.009 0.002 2.9 7.6 29.3 34.6
−1.0 20 100 100 25.3 1.53 −0.009 0.014 2.9 13.4 29.6 44.2
−1.0 20 100 90 25.8 1.34 −0.007 0.012 2.9 13.6 29.6 42.8
−1.0 20 100 80 26.2 1.19 −0.007 0.003 2.9 8.2 29.5 35.5
−1.0 20 125 100 25.4 1.51 −0.008 0.014 3.5 14.1 30.5 45.0
−1.0 20 125 90 25.9 1.34 −0.007 0.009 3.5 14.3 30.5 43.6
−1.0 20 125 80 26.4 1.18 −0.006 0.003 3.5 8.9 30.5 36.4
−1.0 30 50 100 12.5 1.65 −0.017 0.021 2.9 12.2 17.1 30.1
−1.0 30 50 90 12.5 1.55 −0.021 0.003 2.9 8.6 16.8 24.3
−1.0 30 50 80 12.5 1.47 −0.030 0.000 2.9 5.0 16.6 19.0
−1.0 30 75 100 12.5 1.63 −0.016 0.032 2.9 12.8 17.0 30.9
−1.0 30 75 90 12.7 1.52 −0.019 0.002 2.9 9.3 16.9 25.2
−1.0 30 75 80 12.8 1.45 −0.029 0.000 2.9 5.6 16.8 20.0
−1.0 30 100 100 12.6 1.63 −0.015 0.031 2.9 13.4 17.0 31.7
−1.0 30 100 90 12.9 1.50 −0.017 0.004 2.9 9.9 17.0 26.0
−1.0 30 100 80 13.1 1.39 −0.022 0.001 2.9 6.2 17.0 21.0
−1.0 30 125 100 12.7 1.59 −0.013 0.024 3.5 14.1 18.1 32.5
−1.0 30 125 90 13.1 1.47 −0.015 0.003 3.5 10.5 18.0 26.9
−1.0 30 125 80 13.5 1.34 −0.018 0.001 3.5 6.9 18.0 21.9
−1.0 40 50 100 6.7 1.76 −0.024 0.073 2.9 12.2 11.5 24.6
−1.0 40 50 90 6.2 1.87 −0.048 0.003 2.9 6.9 11.2 16.8
−1.0 40 50 80 5.7 2.00 −0.085 0.000 2.9 4.1 10.9 12.5
−1.0 40 75 100 6.8 1.74 −0.023 0.092 2.9 12.8 11.5 25.4
−1.0 40 75 90 6.5 1.81 −0.042 0.005 2.9 7.5 11.3 17.7
−1.0 40 75 80 6.3 1.86 −0.069 0.000 2.9 4.7 11.1 13.5
−1.0 40 100 100 6.9 1.71 −0.021 0.121 2.9 13.4 11.4 26.2
−1.0 40 100 90 6.7 1.74 −0.036 0.006 2.9 8.1 11.4 18.6
−1.0 40 100 80 6.9 1.70 −0.049 0.000 2.9 5.3 11.4 14.5
−1.0 40 125 100 7.1 1.66 −0.018 0.062 3.5 14.1 12.6 27.0
−1.0 40 125 90 7.2 1.64 −0.028 0.003 3.5 8.8 12.5 19.4
−1.0 40 125 80 7.6 1.52 −0.032 0.000 3.5 6.0 12.5 15.5
−1.5 20 50 100 26.3 1.52 −0.009 0.007 2.7 12.2 30.3 43.3
−1.5 20 50 90 26.5 1.34 −0.008 0.009 2.7 12.4 30.1 41.9
−1.5 20 50 80 26.7 1.19 −0.007 0.005 2.7 9.7 29.9 37.5
−1.5 20 75 100 26.3 1.51 −0.009 0.012 2.7 12.8 30.2 44.2
−1.5 20 75 90 26.6 1.33 −0.007 0.011 2.7 13.0 30.1 42.8
−1.5 20 75 80 26.9 1.19 −0.008 0.004 2.7 10.3 30.0 38.3
−1.5 20 100 100 26.3 1.50 −0.008 0.014 2.9 13.4 30.5 45.0
−1.5 20 100 90 26.8 1.33 −0.007 0.009 2.9 13.6 30.5 43.6
−1.5 20 100 80 27.2 1.17 −0.006 0.006 2.9 10.9 30.5 39.2
−1.5 20 125 100 26.4 1.49 −0.008 0.010 3.5 14.1 31.5 45.8
−1.5 20 125 90 26.9 1.32 −0.006 0.015 3.5 14.3 31.4 44.5
−1.5 20 125 80 27.4 1.16 −0.006 0.005 3.5 11.6 31.4 40.0
−1.5 30 50 100 13.3 1.61 −0.016 0.020 2.7 12.2 17.4 30.6
−1.5 30 50 90 13.4 1.44 −0.014 0.016 2.7 12.4 17.2 29.2
−1.5 30 50 80 13.4 1.35 −0.019 0.001 2.7 7.0 17.0 22.0
−1.5 30 75 100 13.3 1.61 −0.016 0.022 2.7 12.8 17.4 31.4
−1.5 30 75 90 13.6 1.43 −0.013 0.014 2.7 13.0 17.3 30.1
−1.5 30 75 80 13.7 1.35 −0.019 0.001 2.7 7.6 17.2 22.9
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Table 2. Cont.

T (◦C)
GG

(◦C/km)
WD
(m)

Sice

(%)
a1

(MPa)
a2

a3
(MPa−1)

SD
(MPa)

Min
PSAP

(MPa)

Max
PSAP

(MPa)

Min
PGHSZ

(MPa)

Max
PGHSZ

(MPa)

−1.5 30 100 100 13.3 1.59 −0.014 0.029 2.9 13.4 17.7 32.2
−1.5 30 100 90 13.8 1.41 −0.012 0.019 2.9 13.6 17.7 30.9
−1.5 30 100 80 14.0 1.32 −0.017 0.002 2.9 8.2 17.6 23.7
−1.5 30 125 100 13.4 1.56 −0.012 0.019 3.5 14.1 18.7 33.1
−1.5 30 125 90 14.0 1.39 −0.011 0.014 3.5 14.3 18.7 31.7
−1.5 30 125 80 14.3 1.28 −0.013 0.002 3.5 8.9 18.7 24.6
−1.5 40 50 100 7.3 1.72 −0.023 0.069 2.7 12.2 11.7 25.0
−1.5 40 50 90 7.2 1.65 −0.029 0.015 2.7 9.5 11.4 20.4
−1.5 40 50 80 7.0 1.68 −0.047 0.001 2.7 5.4 11.2 14.7
−1.5 40 75 100 7.4 1.70 −0.021 0.089 2.7 12.8 11.7 25.8
−1.5 40 75 90 7.5 1.62 −0.026 0.021 2.7 10.1 11.5 21.2
−1.5 40 75 80 7.4 1.61 −0.041 0.001 2.7 6.0 11.4 15.6
−1.5 40 100 100 7.5 1.67 −0.019 0.089 2.9 13.4 12.0 26.6
−1.5 40 100 90 7.7 1.57 −0.023 0.017 2.9 10.8 12.0 22.1
−1.5 40 100 80 7.9 1.52 −0.033 0.001 2.9 6.7 11.9 16.6
−1.5 40 125 100 7.7 1.62 −0.016 0.047 3.5 14.1 13.1 27.4
−1.5 40 125 90 8.1 1.50 −0.018 0.009 3.5 11.4 13.1 22.9
−1.5 40 125 80 8.3 1.45 −0.027 0.000 3.5 7.3 13.0 17.4
−2.0 20 50 100 27.3 1.49 −0.008 0.010 2.5 12.2 30.9 44.2
−2.0 20 50 90 27.5 1.32 −0.007 0.009 2.5 12.4 30.7 42.8
−2.0 20 50 80 27.7 1.16 −0.006 0.007 2.5 12.6 30.6 41.4
−2.0 20 75 100 27.3 1.48 −0.008 0.012 2.4 12.8 30.9 45.0
−2.0 20 75 90 27.6 1.32 −0.007 0.009 2.5 13.0 30.8 43.6
−2.0 20 75 80 27.9 1.15 −0.006 0.009 2.5 13.2 30.7 42.2
−2.0 20 100 100 27.3 1.48 −0.008 0.010 2.9 13.4 31.5 45.8
−2.0 20 100 90 27.7 1.31 −0.006 0.015 2.9 13.6 31.4 44.5
−2.0 20 100 80 28.2 1.15 −0.005 0.008 2.9 13.8 31.4 43.0
−2.0 20 125 100 27.4 1.47 −0.007 0.014 3.5 14.1 32.4 46.7
−2.0 20 125 90 27.9 1.30 −0.006 0.008 3.5 14.3 32.4 45.3
−2.0 20 125 80 28.4 1.13 −0.005 0.011 3.5 14.5 32.4 43.9
−2.0 30 50 100 14.0 1.60 −0.015 0.019 2.5 12.2 17.7 31.1
−2.0 30 50 90 14.2 1.42 −0.013 0.014 2.5 12.4 17.6 29.8
−2.0 30 50 80 14.2 1.31 −0.016 0.002 2.5 8.8 17.4 24.5
−2.0 30 75 100 14.0 1.58 −0.014 0.024 2.4 12.8 17.7 32.0
−2.0 30 75 90 14.3 1.41 −0.012 0.016 2.5 13.0 17.6 30.6
−2.0 30 75 80 14.5 1.28 −0.014 0.003 2.5 9.4 17.6 25.3
−2.0 30 100 100 14.1 1.56 −0.013 0.020 2.9 13.4 18.4 32.8
−2.0 30 100 90 14.5 1.39 −0.011 0.018 2.9 13.6 18.3 31.4
−2.0 30 100 80 14.8 1.26 −0.012 0.003 2.9 10.0 18.3 26.2
−2.0 30 125 100 14.2 1.54 −0.011 0.018 3.5 14.1 19.4 33.6
−2.0 30 125 90 14.7 1.36 −0.010 0.012 3.5 14.3 19.4 32.2
−2.0 30 125 80 15.1 1.23 −0.011 0.003 3.5 10.7 19.3 27.0
−2.0 40 50 100 8.0 1.69 −0.022 0.067 2.5 12.2 11.9 25.4
−2.0 40 50 90 8.1 1.52 −0.019 0.052 2.5 12.4 11.7 24.1
−2.0 40 50 80 7.9 1.51 −0.031 0.001 2.7 7.0 11.8 16.9
−2.0 40 75 100 8.0 1.67 −0.020 0.091 2.4 12.8 11.8 26.2
−2.0 40 75 90 8.3 1.50 −0.018 0.067 2.5 13.0 11.8 24.9
−2.0 40 75 80 8.2 1.48 −0.029 0.003 2.5 7.6 11.7 17.8
−2.0 40 100 100 8.1 1.63 −0.018 0.062 2.9 13.4 12.6 27.0
−2.0 40 100 90 8.6 1.46 −0.015 0.045 2.9 13.6 12.5 25.6
−2.0 40 100 80 8.7 1.41 −0.024 0.001 2.9 8.2 12.5 18.7
−2.0 40 125 100 8.3 1.59 −0.015 0.040 3.5 14.1 13.6 27.7
−2.0 40 125 90 8.9 1.41 −0.013 0.026 3.5 14.3 13.6 26.4
−2.0 40 125 80 9.1 1.34 −0.018 0.002 3.5 8.9 13.6 19.5

3. Results

The curves in Figure 2 summarize the results of our empirical approach. As can be observed in
Tables 1 and 2, the parameter a3 is generally low, indicating a linear relationship between the pressure
at the base of SAP and the pressure at the base of the GHSZ. Comparing the results obtained in the
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freshwater and brine cases, we deduced that a1 was higher for the freshwater case. This trend is clearly
observed in Figure 2, in which the intercepts of the freshwater cases were higher. On the other hand,
the parameter a2 had an opposite trend, as observed by the highest slopes of the curves related to brine
(Figure 2).

Regarding the correlation of a1 and a2 with the other variables, they showed an opposite trend.
We noted that (i) a1/a2 increased/decreased if SAP temperature decreased; (ii) a1/a2 decreased/increased
if GG increased; (iii) a1/a2 increased/decreased if water depth increased; (iv) a1/a2 increased/decreased
if the saturation of ice-bearing SAP decreased.

The ranges of pressures at the base of SAP (PSAP) and GHSZ (PGHSZ) are reported for freshwater
and brine in Tables 1 and 2, respectively. Figure 1 shows that the range of PSAP in the freshwater
case was smaller than that in the brine case; on the contrary, the range of PGHSZ in the brine case was
smaller than that in the freshwater case. Regarding the pressure dependence with GG, TSAP, zw, and
Sice, the minimum PSAP at which the hydrate was stable was independent of GG, while it increased if
TSAP or zw increased and if Sice decreased. The maximum PSAP was independent of both GG and TSAP,
while it increased if water depth increased. The minimum and maximum PGHSZ increased if (i) GG or
TSAP decreased, or (ii) zw or Sice increased.

4. Conclusions

In this paper, we proposed an empirical approach that considers the dominant physical parameters
controlling the stability of hydrate under steady-state conditions in SAP environments. It is a simple
method that can be easily and reliably applied to assess if the sufficient conditions to have hydrate
stability below SAP are satisfied. Because of the growing interest in SAP environments, this approach
is particularly useful in SAP areas with environmental conditions that hinder the acquisition of data, to
allow an initial and quick estimation of the thickness of the gas hydrate stability zone.
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Abstract: Gas hydrate provinces occur in two sedimentary basins along Brazil’s continental margin:
(1) The Rio Grande Cone in the southeast, and (2) the Amazon deep-sea fan in the equatorial
region. The occurrence of gas hydrates in these depocenters was first detected geophysically and has
recently been proven by seafloor sampling of gas vents, detected as water column acoustic anomalies
rising from seafloor depressions (pockmarks) and/or mounds, many associated with seafloor faults
formed by the gravitational collapse of both depocenters. The gas vents include typical features
of cold seep systems, including shallow sulphate reduction depths (<4 m), authigenic carbonate
pavements, and chemosynthetic ecosystems. In both areas, gas sampled in hydrate and in sediments
is dominantly formed by biogenic methane. Calculation of the methane hydrate stability zone for
water temperatures in the two areas shows that gas vents occur along its feather edge (water depths
between 510 and 760 m in the Rio Grande Cone and between 500 and 670 m in the Amazon deep-sea
fan), but also in deeper waters within the stability zone. Gas venting along the feather edge of the
stability zone could reflect gas hydrate dissociation and release to the oceans, as inferred on other
continental margins, or upward fluid flow through the stability zone facilitated by tectonic structures
recording the gravitational collapse of both depocenters. The potential quantity of venting gas on
the Brazilian margin under different scenarios of natural or anthropogenic change requires further
investigation. The studied areas provide natural laboratories where these critical processes can be
analyzed and quantified.

Keywords: gas hydrates; gas seeps; ocean acidification

1. Introduction

Contemporary climate change is significantly impacting the marine environment. Among the most
drastic impacts are declining oxygen levels [1], acidification [2], and loss of biodiversity [3]. Current
estimates suggest that the ocean surface and intermediate waters (<700 m) could be 1–4 ◦C warmer
at the end of this century [4]. Such an increase in temperature would promote the destabilization of
gas hydrate on continental margins worldwide, even if warming is accompanied by pressure increase
owing to sea-level rise [5]. Gas hydrate is still being discovered beneath the ocean margins and contain
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a large reservoir of organic carbon (mainly methane) on the Earth’s surface (0.5–12.7 × 1021 g [6,7]),
and the release of even a fraction of it to the oceans and atmosphere could potentially lead to a positive
feedback in greenhouse gas emissions [8,9]. Estimates of the amount of carbon that could be released
from sediments to oceans and seas owing to hydrate dissociation are poorly constrained, in part
as we do not fully understand the mechanisms by which gas may move through the gas hydrate
stability zone (GHSZ) and/or escape from its ‘feather edge’ on the upper continental slope. The feather
edge of the GHSZ (i.e., the region on the upper continental slopes where it thins to vanishing at the
seafloor [10]) contains about 3.5% of the global hydrate inventory and is particularly susceptible to
hydrate dissociation in response to ocean warming or sea level change [10,11]. Global models of the
gas hydrate system response to scenarios of climate-driven change indicate that methane release to the
seafloor from hydrate dissociation is greatest along the feather edge and could exceed methane fluxes
from other sources by the year 2100 (i.e., >30–50 Tg·CH4·year−1 [5]). Other simulations indicate that
gas hydrate is sensitive to rapid temperature increases [5,12–15], and a 5 ◦C increase in bottom water
temperatures along continental slopes could add ca. 2000 Gt·CH4 to sediments worldwide [16], part of
which may flow toward the seafloor. It is possible that the dissociation of hydrate will also be linked to
the additional release of methane by opening pathways to free gas ascending from underneath the
hydrate stability zone [17].

Not all methane released by hydrate dissociation will reach the seafloor and atmosphere because
it will be consumed by anaerobic oxidation via sulphate reduction in sediments [18,19], and dissolution
and aerobic oxidation in the water column [20–22]. The oxidation of large quantities of methane in
the water column, however, may contribute to a decrease in the ocean’s pH [23,24]. In addition to its
possible contribution to greenhouse gas emissions and ocean acidification, massive destabilization of
gas hydrate may be associated to the triggering of submarine landslides and related tsunamis [25].

Dissociation of marine gas hydrate at the feather edge of the gas hydrate stability zone has been
reported in several locations around the world [26–28]. This phenomenon received particular interest at
high latitude regions owing to the high amplitude of warming in polar oceans [29–31]. The aim of the
present article is to review evidence of venting from two gas hydrate provinces along Brazil’s continental
margin: (1) The Rio Grande Cone and (2) the upper Amazon deep-sea fan. The latter is, to our knowledge,
the only case in the world where gas venting near the feather edge of the GHSZ was reported in equatorial
regions. We review recent discoveries within these provinces and compare them to the calculated feather
edge of the GHSZ. The results provide insights into the role of climate-driven changes in ocean conditions
versus processes controlling fluid flow within continental margins, and suggest further investigations on the
Brazilian margin in relation to the global carbon cycle and ongoing climate change.

2. Gas Hydrate and Gas Venting Structures on Brazil’s Continental Margin

The presence of gas hydrate on Brazil’s continental margin was first reported in the 1980s from
bottom simulating reflectors (BSRs) observed in two deep-water depocenters: (1) The Rio Grande
cone in the Pelotas Basin, western South Atlantic margin [32–34], and (2) the Amazon deep-sea fan in
the Foz do Amazonas Basin, Equatorial Atlantic margin [35–37] (Figure 1). Other less well defined
BSRs in Brazil were observed in the Campos and Santos basins [33,38]. The Rio Grande Cone forms a
protuberance in the continental slope and contains a deposit of up to 12 km of sediments (Barremian to
recent) in an area of approximately 250,000 km2. Sediments were sourced from the Rio de la Plata
river [39] and/or from large contourite systems occurring to the south [40] and to the north [41]. The
Amazon deep-sea fan also forms a protuberance in the continental slope and contains of a deposit of
up to 10 km of sediments (Late Miocene to recent) sourced mainly from the Amazon River [42], and
distributed in an area of 330,000 km2 [43].

Sediment loading in the Rio Grande Cone and in the Amazon deep-sea fan resulted in large-scale
gravitational collapse, expressed as paired belts of extensional and compressional structures rooted on
deep detachment surfaces. In contrast to the mainly stratified internal character of the Rio Grande
cone, the Amazon fan is characterized by giant mass transport deposits recording sediment failure
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from the upper slope [35,44]. High rates of sedimentation (including organic matter), particularly in
the upper Amazon fan, contribute to low geothermal gradients (15–19 ◦C/km, based on BSR depth
and bottom-hole temperatures; [37]), which, together with low bottom water temperatures, result
in a potential thick gas hydrate stability zone. The quantity of methane trapped in gas hydrate in
the two areas has been estimated to be 22 trillion m3 (ca. 780 tcf) and 12 trillion m3 (ca. 430 tcf),
respectively [45].

Figure 1. Maps showing bathymetric contours derived from multibeam data across the two areas in Brazil
where there is evidence of gas seepage near the feather edge of the methane hydrate stability zone: (a) The
Rio Grande Cone, Pelotas Basin, western South Atlantic (modified from [46]) and (b) the Amazon deep-sea
fan, Foz do Amazonas Basin, Equatorial Atlantic Ocean (modified from [47]). The areas in light blue mark
the depth range of the feather edge of the gas hydrate stability zone calculated for the two regions using pure
methane in seawater [48], and water temperature measurements obtained for the regions from the World
Ocean Database (WOD18 [49]; see Figure 2). Red areas in (a) are pockmarks and high backscatter areas
aligned with both subjacent NE-SW faults and the feather edge of the GHSZ (for details see [46]). Red stars
in (b) are water column gas plumes, and black arrows indicate trace of faults on the seafloor near gas seeps
at the edge of the methane hydrate stability zone (for details see [47]).
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Figure 2. Water temperature profiles for (a) the Rio Grande Cone and (b) Amazon deep-sea fan from
the World Ocean Database (WOD18 [49]). The dashed line indicates the phase boundary for pure
methane in seawater [47]. Blue dots in the bathymetric maps to the right indicate the location of the
temperature profiles.

Direct evidence of natural gas hydrate and gas seeps on the seafloor were found in the Rio Grande
Cone [46] and in the Amazon deep-sea fan [47]—in both areas in association with gas venting from the
GHSZ. Living chemosynthesis-based communities in pockmarks in the Rio Grande Cone [50,51], in
addition to acoustic disturbance caused by the presence of free gas at shallow depths (<10 m) below
seafloor in sub-bottom profiles [52], are indicative of active methane seeps. Direct evidence of gas
seepage was identified in the Amazon deep-sea fan by the presence of acoustic anomalies in the water
column using multi-beam echo sounder backscatter data, which is also supported by the presence
of remnants of chemosynthetic organisms at the seafloor [47]. In both areas, gas vents occur both
within the GHSZ and along its edge, and are inferred to be influenced by normal and thrust faults
related to the gravitational tectonics induced by sediment loading [46,47]. Gas hydrate was recovered
and sampled in both areas in piston cores at water depths from 550–1400 m below sea level (mbsl)
in the Rio Grande Cone [46], and at 1000–1800 mbsl in the Amazon deep-sea fan [47]. In both cases,
dominantly CH4 composition with δ13C < −66.7%� V-PDB (Vienna—Pee Dee Belemnite standard) for
the Rio Grande Cone and δ13C < −77.3%� V-PDB for the Amazon deep-sea fan indicate a biogenic
origin for the methane trapped in hydrate.

3. The Edge of the Stability Zone and Seafloor Gas Vents

The theoretical depth range of the feather edge of the methane hydrate stability zone (MHSZ) can
be calculated using an equilibrium equation for pure methane hydrate in seawater [48]:

T = 11.726 + 20.5 × log10z − 2.2 × (log10z)2 (1)

where T is the temperature of the phase boundary (◦C) and z is the depth (km).
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The upper depth limit of the MHSZ can be estimated using the above equation and historical
(1958 to 2018) water column temperature data from the World Ocean Database (WOD18 [49]), which
show high variability in measured temperatures above 900 m water depth in both areas of interest (5.4
to 9.3 ◦C in the Rio Grande Cone and 5.4 to 7.6 ◦C in the Amazon fan; Figure 2). The feather edge of the
MHSZ is thus constrained within a range of depths, between 510 and 760 mbsl on the Rio Grande Cone
and between 500 and 670 mbsl on the Amazon deep-sea fan. Comparison of these depth ranges with
recently published observations based on water column, seafloor, and sub-bottom acoustic imagery
and samples from piston cores [45,46,51] indicates that gas seeps occur both within and near the edge
of the GHSZ in the two studied areas (Figure 1).

On the Rio Grande cone, multibeam bathymetric and backscatter imagery reveal pockmark fields
in two main locations: On the mid-slope in water depths of ca. 1300 m (ca. 320 km2 with a pockmark
density of ca. 1/km2, or 51% of the vent sites), and on the upper slope in depths of 520–660 m (ca. 38
km2, with a pockmark density of 8/km2; or 49% of the vent sites; Figure 1). In both areas, pockmarks
are high backscatter features of variable relief, with their long axes parallel to subjacent extensional
faults [46]. The upper pockmark field lies within the estimated depth range of the MHSZ feather edge
(510–760 m) and comprises a slope-parallel zone 20 km long by 3 km wide, widening to 6 km in the NW,
including a central zone where pockmarks cover most of the seafloor (Figure 1). Sub-bottom profiles
across pockmarks show acoustic blanking, consistent with free gas rising to the seafloor through
chimney-like features [46,52]. Methane concentration and sulphate profiles in pore waters obtained
from piston cores samples in a cross-section perpendicular to the pockmark field corroborate with the
presence of shallow gas, notably focused at the 545 m isobath [52], where there is a major concentration
of pockmarks in the field [46]. The sulphate methane interface is considerably shallower within the
pockmark field (3–4 mbsf) compared to a background area downslope within the GHSZ at ca. 1300
mbsl (ca. >10 mbsf [52]). The data suggest, therefore, the existence of active methane seeps within the
pockmark field. The presence of authigenic carbonate concretions (centimeters in diameter) in piston
cores [46], for which the radiometric ages are yet to be determined, indicates that the seeps may have
been active for thousands of years (assuming a growth rate of ca. 0.4–0.8 cm/kyr [53]). Foraminiferal
stable carbon isotope and sediment mineralogy found in ancient pockmarks in the northern portion of
the Pelotas Basin (200 km north of the Rio Grande Cone) indicate seafloor methane release during the
last glacial period (40–20 cal ka BP, Before Present, [54]).

On the upper Amazon deep-sea fan, multibeam water column and seafloor data acquired across
water depths of 650–2600 m reveal the existence of at least 53 gas plumes rising up to 900 m into the
water column from seafloor venting features that include both pockmarks and mounds [47]. Most of
the gas vents (60%) are located within the MHSZ along lineaments corresponding to faults that may
have acted as pathways for fluid migration [47], whereas some (40%) are located in water depths of
650–715 m within the feather edge of the MHSZ (500–670 m) along about 50 km of its length (Figure 1b).
The latter features include 23 water column gas plumes that rise up to 350 m into the water column
from seafloor mounds 10–20 m high [47]. The gas bubble plumes were not sampled, but 24 dissolved
and free gas and three gas hydrate samples in piston cores at plume sites revealed a dominantly
methane composition (with the absence of heavier hydrocarbons), and a strong depletion in 13C (δ13C
from −102.2 to −73.7%�, V-PDB), indicating a biogenic origin [55].

4. Discussion

Brazil’s continental margin contains at least two major gas hydrate provinces, located in
depocenters in which rapid deposition drives tectonism, fluid migration, and methanogenesis,
providing ideal conditions for near-surface gas hydrate accumulation [46,47]. In both provinces, gas
hydrates have been sampled from seafloor venting structures that indicate gas seepage is taking place
within the GHSZ and along its feather edge. Gas venting to the oceans within the GHSZ has been
reported from many other deep-water settings [27,28] and linked to the formation of chimney-like
features within the GHSZ [56]. Mechanisms to account for such features all involve the upward
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migration of warm gas-rich fluids, which modify the base of the GHSZ and/or sediment properties
within it [57–59]. Such mechanisms have yet to be tested against evidence from the deep-water gas
vents on the Brazilian margin. Nonetheless, the fact that many of the vents observed within the
two areas investigated to date are associated with seafloor faults related to gravity tectonics (e.g.,
51% in the Rio Grande Cone and 60% in the Amazon deep-sea fan) [46,47] provides evidence that
processes internal to continental margin depocenters may be important in the creation of fluid migration
pathways into and through the GHSZ.

Evidence of structurally-influenced gas venting through the GHSZ on the Brazilian margin raises
questions regarding the origin of the gas vents observed along its feather edge. Gas seeps observed in
similar settings around the world have been suggested to record the dissociation of gas hydrates in
response to ocean warming [26,27]. This is also possible on the Brazilian margin, as recorded variations
in water temperatures, which record cyclic or progressive changes in the water masses that impinge on
the upper slope over decadal timescales, imply that the edge of the GHSZ has migrated across large
depth ranges (Figures 1 and 2). The Rio Grande cone and Amazon fan include seeps within the areas
corresponding to these depth ranges, which could record gas hydrate dissociation. However, seeps in
both areas contain evidence of deeper structural influences, notably on the Rio Grande cone where a
slope-parallel field of elongate pockmarks is aligned with both subjacent faults and the edge of the
GHSZ. The location of seeps relative to the edge of the GHSZ might be related to a complex interplay
among structures focusing gas flow to the seafloor and the geomechanics of sediments during hydrate
dissociation [60], the geometry of the edge of the GHSZ [61], gas migration along the base of the
GHSZ to escape at its edge [62], and the dynamics of bottom water temperature changes—including
multidecadal warming and shoaling of Antarctic Intermediate Water observed in the region [63]. The
dynamics of the Antarctic Intermediate Water in particular may be an important component for the
stability of gas hydrate deposits in the South Atlantic Ocean margins (and the Rio Grande Cone),
where warming between 0.01 and 0.02 ◦C·year−1 has been observed since the 1970s [63]. Using the
equilibrium equation for pure methane hydrate in seawater [48], it is possible to estimate that such a
warming rate could dislocate the feather edge of the GHSZ by several hundreds of meters downslope
(tens of meters deeper) in a few decades. Similar warming rates (0.007 ◦C·year−1) of the North Pacific
Intermediate Water resulting in dislocation of the edge of the GHSZ was observed in the Cascadian
margin, North Pacific Ocean [14]. More detailed temporal studies relating the downslope dislocation
of the feather edge of the GHSZ to bottom water temperature measurements and associated seafloor
seeping structures offshore Brazil must be undertaken to determine whether gas hydrate dissociation is
linked to long-term (millennia) trends, following the last glacial maximum, and/or short-term (decades)
trends related to anthropogenic warming [12,17,26].

Numerical modeling indicates that ocean warming over the last decades may have released
significant quantities of methane from global gas hydrate systems [15,56,64]. These models have
several limitations and assumptions, but provide valuable insights about the potential release of CH4

from hydrate dissociation [5]. On the Cascadia margin, warming along 273 km of the GHSZ feather
edge between 1970 and 2013 is estimated to have released 4.35 Tg of methane to the water column, and
may release another 45–80 Tg by 2100 [14]. Modeling of gas hydrate dissociation offNorth Carolina, in
the western Atlantic, suggests that 2.5 Gt of methane was produced over an area of 10,000 km2 by
bottom water warming [65]. There are no published models of gas hydrate dissociation offshore South
America, thus the possible magnitude of methane release along Brazil’s continental margin is unknown.
However, if the quantities of carbon released to the oceans are of the same order of magnitude as those
modeled for other regions of the world experiencing the same warming rates of bottom waters, and if
the observed seepage features can be extrapolated for tens to hundreds of kilometers beyond the limits
of the study area, such as in the Cascadia margin [14], the gas venting known to be ongoing in at least
two gas hydrate provinces offshore Brazil may be of concern and deserves further investigation.

Over longer timescales, there is a possible connection between gas hydrate dissociation at the
edge of the GHSZ and the triggering of landslides within the studied areas. The Amazon fan contains
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a record of recurrent giant landslides sourced on its upper slopes, which have been suggested to record
massive dissociation of gas hydrate linked to glacial/interglacial changes in sea level [66], although
they have alternatively been linked to collapse tectonics on the upper fan [44]. Mass wasting deposits
of a smaller scale are observed near the feather edge of the GHSZ on the Rio Grande cone [52]. A
megaslide complex is recognized to the south of the Rio Grande cone, with headwall scarps near the
shelf-break and upper slope, although there is no clear association with gas hydrate systems in the
area and gravity tectonics has been proposed as the main triggering mechanism [67]. Along most of
the continental slope, gas hydrate stability has decreased since the last glacial maximum (LGM) due to
the warming of South Atlantic bottom waters by at least 3.5 ◦C at a depth of 657 m on the upper Rio
Grande cone [68]. However, investigations of a pockmark field at shallower depths (475 m) at 200 km
to the north of the Pelotas Basin provide evidence of seafloor methane release at the LGM, linked to the
impingement of warmer bottom waters on the uppermost slope owing to sea level lowering [54]. The
effects of depth-dependent changes in ocean temperatures during the last sea level cycle on gas hydrate
stability remain poorly understood offshore Brazil, as on other continental margins, and it is of interest
to undertake modeling to examine the possible connection between hydrate dissociation and landslides
in the Rio Grande Cone and Amazon deep-sea fan, and explore their geohazard potential [69].

5. Conclusions

Brazil’s vast continental slope area remains to be fully investigated, but includes two proven gas
hydrate provinces: the Amazon deep-sea fan in the far north and the Rio Grande cone in the far south.
In both areas, gas venting is observed to take place within the gas hydrate stability zone and near its
feather edge, as calculated from bottom water temperatures. Further studies are necessary to determine
the extent to which gas venting from the GHSZ is driven by subsurface fluid flow linked to the internal
dynamics of the gravitationally collapsing depocenters, or by gas hydrate dissociation at the feather
edge of the stability zone linked to changes in ocean conditions over glacial and/or anthropogenic
timescales. It is also important to model the quantities of methane that may be transferred from
sediments to the oceans in both areas under different scenarios. Considering the possible existence of
gas hydrate provinces in other basins along the Brazilian margin, the area provides a natural laboratory
for further investigations of gas hydrate dynamics.
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Abstract: In this work, we investigated the molecular stable isotope compositions of hydrate-bound
and dissolved gases in sediments of the Amazon deep-sea fan and adjacent continental slope,
Foz do Amazonas Basin, Brazil. Some cores were obtained in places with active gas venting on the
seafloor and, in one of the locations, the venting gas is probably associated with the dissociation
of hydrates near the edge of their stability zone. Results of the methane stable isotopes (δ13C and
δD) of hydrate-bound and dissolved gases in sediments for the Amazon fan indicated the dominant
microbial origin of methane via carbon dioxide reduction, in which 13C and deuterium isotopes
were highly depleted (δ13C and δD of −102.2% to −74.2% V-PDB and −190 to −150% V-SMOW,
respectively). The combination of C1/(C2+C3) versus δ13C plot also suggested a biogenic origin
for methane in all analysed samples (commonly >1000). However, a mixture of thermogenic and
microbial gases was suggested for the hydrate-bound and dissolved gases in the continental slope
adjacent to the Amazon fan, in which the combination of chemical and isotopic gas compositions in
the C1/(C2+C3) versus δ13C plot were <100 in one of the recovered cores. Moreover, the δ13C-ethane
of −30.0% indicates a thermogenic origin.

Keywords: Amazon fan; gas hydrate; thermogenic gas; biogenic gas; molecular composition;
isotopic composition

1. Introduction

Energy production is one of the most important topics in our society nowadays owing to the
increasing pressure on conventional sources based on petroleum. Global efforts encourage scientific
programs to identify new alternative, cleaner, and unconventional energy sources [1]. One such
alternative is gas hydrates, which are crystalline, ice-like structures that contain guest molecules,
mainly methane [2]. Gas hydrates are widely distributed around the world and can be found in
permafrost and submarine environments that present specific conditions of pressure and temperature
for their formation [2–5]. Among the potential CH4 sources, gas hydrates stand out as an important
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unconventional energy reserve, with quantities comparable to other known conventional sources [3–7].
The hydrocarbons trapped in hydrates can be derived from biological methanogenesis (biogenic origin)
or formed by the thermal decomposition of organic matter (thermogenic origin) [4,8].

Besides being an important energy source, methane is an important player in the global
biogeochemical carbon cycle and accounts for 20% of greenhouse effects [9–11]. In a global warming
scenario, the large amount of methane may represent an environmental hazard, since destabilization of
gas hydrates could result in a high volume of gas releasing into the atmosphere, potentially promoting
catastrophic geological consequences [6,7,12]. Thus, the mapping of gas hydrate distribution, inventory
assessment, and a comprehensive understanding of their role in energy and environmental issues
should justify the establishment of a global agenda on this issue.

In Brazil, the Rio Grande Cone Gas Hydrate Province in the Pelotas Basin [13] is one of the main
areas with gas hydrate deposits with associated chemosynthetic communities [14,15], and consists of
the first discovery of gas hydrates in the western South Atlantic. The direct recovery of gas hydrate was
performed through sediment sampling by piston coring and the results showed that the gas was mainly
composed of methane of biogenic origin [13]. Recently, other works described the methane-sulphate
interface dynamics [16] and the origin of organic matter in hydrate-bearing sediments [17] in the
Pelotas Basin region.

The Ocean Drilling Program (ODP) 155 LEG, was performed in the Amazon fan area and resulted
in a drilling campaign with 17 sites and covered an extensive area of the mid- and lower fan [18–20]
The geochemical modelling conducted on the Amazon fan sediment concluded that the region is
very susceptible to the production of biogenic methane. This CH4 could be accumulated along the
sediment column and, in regions with adequate pressure and temperature (waters deeper than 600 m),
is likely to be trapped in gas hydrates [1]. The mass of organic carbon trapped in the Amazon deep-sea
fan sediments is, for comparison, larger than the mass of carbon stored at the present-day Amazon
forest [21]. In a previous work, from the seismic record of the Amazon fan, the presence of gas charged
sediments was found [22].

From the ODP Leg 155 records and seismic investigations, a slope failure was detected that
was associated with a massive sediment mass-transport deposits along the fan structure [18,23–25].
These catastrophic events were associated with glacial-interglacial cycles, which result in sea level
(and pressure and bottom water temperature) changes and the destabilization of the gas hydrate layer.
The subsequent gas release increased pore pressure and destabilization of the sediment package and
resulted in the triggering of mass transport of deposits [23,24].

Another strong indicator of the existence of gas hydrates in the Amazon region is the presence of
bottom simulating reflectors, observed within the upper fan [18,23–28]. These seismic records were
described in water depths of about 2000 m, and are within the gas hydrate stability zone (GHSZ) [27].
The presence of gas hydrates together with gas venting sites at the seafloor in the Amazon deep-sea
fan and Foz do Amazonas Basin was confirmed by the recovery of samples during a sea campaign
in 2015. The gas compositions from hydrates recovered in vents indicate essentially biogenic sources
with a possible thermogenic contribution, dominantly methane δ13C from −81.1% to −59.2% [21].

In the present work, additional chemistry tests were performed to improve the discussion of
the origin of gas composition and isotopic analysis obtained through piston core sampling between
hydrate-bound and dissolved gases in sediments collected in the Amazon fan and continental slope of
the Foz do Amazonas Basin, Brazil. The gas composition results presented in this study indicate that
the Amazon fan area represents a promising new energy frontier. The knowledge of the composition
and origin of the hydrate-bound, dissolved and free gases in the Amazon deep-sea fan and slope
sediments will help with assessing the potential of methane hydrates as an energy source and their
relationship with the global carbon cycle and climate.
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2. Study Area and Geological Setting

The Amazon fan is a deep-sea structure located in the Foz do Amazonas Basin, and extends
seawards from the continental shelf, from the shelf break in front of the Amazon River to the Demerara
Abyssal Plain (Figure 1). Sediments deposited in the fan were sourced mostly from the Andean belt [29]
since the Late Miocene [18] and carried to the Atlantic Ocean and the Foz do Amazonas Basin by the
Amazon River, which has one of the largest sediment [26] and organic matter [30] discharges in the
world. In addition to the Amazon fan, we also included in this work data from the adjacent continental
slope to the northwest. This area is formed by a series of submarine canyons, approximately 35 km
wide and 130 km long, in which each canyon is formed by dozens of small submarine channels
connected to a main canyon (Figure 1). These structures begin at the shelf break and develop down
to the upper continental slope at water depths of more than 3000 m. Information about geological
models and the hydrates’ stability zone for the study area can be found in a previous manuscript [21]
that discusses the new evidence on widespread gas venting from the gas hydrate stability zone on the
upper Amazon deep-sea fan.

 

Figure 1. Location map showing the bathymetry (coloured) of the study area in the Amazon deep-sea
fan, the adjacent continental slope area to the northwest with small canyons connected to a main
canyon channel. The blue dots are the piston cores used in this study.

3. Samples and Methods

The samples and data used in this study were collected on board the research vessel Inspector II,
equipped with a 6 m long piston corer unit. The precision of sea floor sampling was assured by an
Ultra-short baseline (USBL) transponder/responder (Sonardyne, London, UK) fastened 5 m above
the corer. A total of four oceanographic missions were carried out in July 2012, July 2015, August
2015 and September 2015. The first mission was dedicated to surveying the area with a multi-beam
echo sounder (MBES) and covered an area of 18,490 km2, generating high-resolution seafloor maps
(15 × 15 m unit bathymetry cell and 10 × 10 m unit backscatter cell) and acoustic profiles of the water
column. A high-resolution (CHIRP 3.5 kHz) seismic profile with average penetration of 10 m below
the seafloor was acquired with a sub-bottom profiler, together with the MBES survey. The second,
third and fourth missions were dedicated to core sediment sampling at specific targets (possible vent
sites such as pockmarks and mounds with high backscatter signatures) on the seafloor, previously
identified with the MBES data. Four cores were collected in the Amazon fan proper (cores PUC 35B,
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AMZ 119, AMZ 121 and AMZ 319R), and two cores were collected in the adjacent continental slope
area (cores PUC 03 and PUCH 01B). Cores PUC 35B, AMZ 319R, PUC 03 and PUCH 01B, were collected
in active gas venting sites in the area [21]. The cores recovered were cut into sections of 1 m and the
sediment samples were collected at the top and base of each core section.

Sediment samples for gas analysis (C1-C5 hydrocarbons) were collected from the top of each
section (i.e., every 100 cm of the core). Samples were collected from the freshly exposed tops of the
sections using a spatula and were immediately placed in gas-tight IsoJar containers from Isotech
Laboratories Inc., Champaign (IL), EUA. The sediment sample filled one-third of gas-tight recipients
(IsoJars), while another third was filled with distilled water, leaving the top third filled with air
(headspace). The benzalkonium chloride bactericide were added into the IsoJars in order to eliminate
microbial activity and the jars were kept refrigerated at 4 ◦C [31,32].

We also collected hydrate samples, in addition to sediment samples. The hydrate samples were
collected using a spatula, placed in IsoJar containers and kept at room temperature. The headspace
gases formed by the dissociation of hydrates inside the container were sampled and analysed. In this
work, we present the carbon dioxide quantification and the respective values of carbon-stable isotope
(δ13C-CO2), the deuterium isotope results of methane (δD-CH4) and carbon-stable isotope results of
ethane (δ13C-C2H6) of three gas hydrate samples taken from three representative piston cores (PUCH
01B, AMZ 319R, and AMZ121). The results of δ13C-CH4 and gas composition (C1-C5 hydrocarbons)
were previously reported [21].

Gas composition was determined using a gas chromatograph (Shimadzu Corporation,
model GC-2014, from Kyoto, Japan) equipped with a VPPlot Alumina/KCl capillary column
(Sigma-Aldrich Corporation., St. Louis, MO, USA), measuring 30 m × 0.53 mm with a 10.0 μm film.
The analytical conditions used in this work are described in previous work [33]. Carbon-stable isotope
analyses of the headspace gases were performed using a Thermo Fisher Scientific gas chromatograph
(Waltham, MA, USA), coupled to a Thermo Scientific DELTAV Plus isotope ratio monitoring mass
spectrometer via a Thermo GC IsoLink and Conflo IV interface (Thermo Fisher Scientific). The gas
chromatograph contained a 30 m × 0.32 mm fused silica column, Carboxen Plot 1006 (Sigma-Aldrich
Corporation., St. Louis, MO, EUA), and was operated at a heating ramp of 70–150 ◦C, over 30 min.

4. Results and Discussion

4.1. Amazon Fan

The gas composition of free gas from sediment samples collected in cores PUC 35B, AMZ 119,
AMZ 121 and AMZ 319R were dominated by methane (81.05 to 99.97%), followed by CO2 (0.76 to
12.62%) and ethane (0.01 to 0.3%). Traces of propane were found in AMZ 121(0.007 to 0.013%) and
AMZ 319R (0.03 to 0.07%). The C1/(C2+C3) ratio varied from 330–31,049 whereas δ13CH4 and δD-CH4

values ranged from −102.2% to −74.2% and −192% to −150%, respectively. It was not possible to
analyse the carbon isotope compositions of ethane from hydrates, because the ethane concentrations
were below the limit of detection of the technique (Table 1).

According to Bernard classification [34], the combination of gas, chemical and isotopic
compositions of free gas from sediments in the C1/(C2+C3) versus δ13C plot, suggested a biogenic
origin for all analysed samples from the Amazon fan (Figure 2a). Microbial CO2 reduction mainly
generates methane, and there are traces of ethane and propane, so the relative C1/C2+ rations are very
high (commonly >1000). Based on the classification scheme of Whiticar [35], δ13CH4 and δD-CH4 are
typically in the range for microbial methane production by CO2 reduction (Figure 2b). This biogenic
origin was also reported in other gas hydrate provinces around the world, like Rio Grande Cone [13],
Blake Ridge [36], and the Black Sea [37,38].

The gas hydrate collected in PC AMZ 319R (Table 1) was essentially formed by methane (> 99%)
with minor quantities of ethane, propane, propylene and low amounts of CO2. The C1/(C2+C3) ratio
for these samples ranges from 2406 to 2299 (Figure 2a), whereas δ13C methane values range from
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−79.5% to −77.3% [21], while for δD-CH4, values range from −188% to −186% (Table 1). AMZ 121
was assayed by only one hydrate sample and the gas composition results showed a hydrate formed by
methane (99.88%) and carbon dioxide (1.11%). The δ13CH4 /δD-CH4 values were −81.1% [21] and
−190%, respectively. According to the classification proposed by Bernard et al. [34], (Figure 2a), the
samples obtained at the AMZ 319R and AMZ121 sites are consistent with the field of microbial gas and
both samples collected would be of microbial origin produced by microbial CO2 reduction (Figure 2b).

Figure 2. Diagram showing the relationship between molecular and isotopic compositions of
hydrate-bound, free and dissolved gases in sediments of the Amazon fan and adjacent continental
slope, based on the classifications of Whiticar [35], Milkov [39] and Taylor et al. [40]. (A) Chemical
and isotopic compositions of free gas from sediments using C1/(C2+C3) versus 13C plot; (B) Chemical
and isotopic compositions of free gas from sediments using 13C-CH4 versus D-CH4; (C) Chemical and
isotopic compositions of free gas from sediments using 13C2H6 versus 13CH4. Open and solid circles
indicate hydrate-bound gases, and dissolved and free gases in pore water at the Amazon fan area,
respectively, whereas open and solid triangles indicate hydrate-bound, free and dissolved gases in
the adjacent continental slope study area northeast of the Amazon fan, respectively. The results of
δ13C-CH4 and gas composition (C1–C5 hydrocarbons) for gas hydrate were previously reported [21].
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4.2. Northwest Continental Slope Area

Average hydrocarbon compositions in gases from sediment samples of PUC 03 and PUCH 01B
were, in general, strongly dominated by methane (91.06–98.88%) and CO2 (0.20–8.94%). Only in PUCH
01B were ethane (1.12–1.47%), propane (0.005%), propylene (0.002–0.017%) and traces of butane and
butene (1.05 and 1.33%, respectively) found.

The C1/(C2+C3) ratio for PUC 03 and PUCH 01B varied from 847–22,484 and 65.8–92.7,
respectively, whereas δ13CH4 values for PUC 03 and PUCH 01B ranged from −94.8% to −73.7%
and −66.3% to −64.9%, respectively. For δD-CH4, the values range from −194% to −167% and −181%
to −166% for PUC 03 and PUCH 01B, respectively. Regarding the isotope composition of carbon of
ethane from hydrates, the values obtained were −30.8% and −31.5% (Table 1).

Figure 2a shows the relationship between the isotopic ratios and gas compositions of
hydrate-bound gas, and free and dissolved gases in sediments. According to the classification proposed
by Bernard et al. [34], the analysed methane gas obtained at the PUC 03 site plotted in the field of
microbial gas, whereas some samples from the PUCH 01B site suggested a mix between microbial and
thermogenic sources (Figure 2a). In the δ13C-δD diagram of methane shown in Figure 2b and based on
the classification of Whiticar [35], C1 at all sites would be of microbial origin produced by microbial
CO2 reduction (Figures 1 and 2b).

The gas hydrate recovered at PUCH 01B revealed a mixture of biogenic and thermogenic gases,
both in the chemical and isotopic compositions in the C1/(C2+C3) versus δ13C plot (Figure 2a).
Compared with the deep ocean sediment from the Gulf of Mexico, the gas hydrate recovered always
contained >99% methane. The only exception was the gas hydrate obtained from the ODP Leg 96 with
the low C1/(C2+C3) value of 160. Gas hydrate samples recovered from the Caspian Sea contained
methane at 59.l–96.2% in the hydrocarbon gas mixtures, with C1/(C2+C3) values ranging from 1.7 to
45. This gas hydrate of the Caspian Sea was associated with fluid venting from the Buzdag and Elm
mud volcanoes [41].

The gas hydrate recovered at PUCH 01B contained >98% methane, around 1% ethane, 0.02%
propylene, and 0.07–0.5% of CO2, and the C1/(C2+C3) value ranged between 89 and 98. Both samples
collected would be of microbial origin, produced by microbial CO2 reduction, as shown in Whiticar’s
diagram. However, Whiticar’s diagrams [35] only correspond to results for the isotopic composition of
methane. According to the isotopic analysis diagrams of ethane, the origin based on the classification of
Milkov [39] is thermogenic. This suggests that a thermogenic gas is possibly present in the Northwest
continental slope area, and constitutes a detectable gas constituent of the gas mix, together with
methane resulting from microbial CO2 reduction.

It is very important to explain that in some cores we found ethane without the presence of propane
or butane (i.e., PUCH01B). Biodegradation of original gas composition can also produce “dry gas” due
to the preferential removal of propane and butane [42]. Ethane is rarely or much less easily consumed,
so the ethane/propane ratio increases with the biodegradation rate. Because propane amounts are
much lower than those of ethane, its depletion does not significantly influence the Bernard ratio. In fact,
there are examples of gas from biodegraded reservoirs with very low Bernard ratios, due to high
ethane concentrations [42,43].

Light hydrocarbons and gases (C2–C5 hydrocarbons) can also be biodegraded; propane and
n-butane are degraded the most rapidly. Biodegradation of C2–C5 hydrocarbons, increases the
methane content. This may result in the production of a gas cap enriched in methane following the
removal of wet gas components (C2–C5 alkanes), and probably also by direct production of methane
during biodegradation [44–47]. However, even with the biodegradation of gas, it was possible to detect
the presence of some amounts of other hydrocarbons distributed at different depths in the piston core.
Although there were trace amounts of C3-C4, we suggest that the biodegradation process changed the
original composition of gas. In addition, it was not possible to detect trace amounts of C3-C4 in some
depths, because the concentrations were below the detection limit of the analytical technique.
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4.3. Alteration of Hydrocarbon Gas

Various marine sediments of εc values range from 49 to over 100, with values most commonly
around 65–75 (Figure 3) [35,48,49]. Our data at AMZ 119 (Amazon fan proper) are consistent with
methanogenesis by microbial CO2 reduction in the literature, showing values ranging from 64 to 68.
On the other hand, εc values of gases from the headspace from PUC 03, PUCH 01B, AMZ 121 and
AMZ 319R range from 20 to 55, which is significantly smaller than that expected from CO2 reduction.
In the adjacent continental slope area, the εc values from PUC 03 range 25–35, while for PUCH 01B the
range was 20–50. In the Amazon fan area, the AMZ 121, AMZ 319R and PUC 35B range was 37–50,
36–44 and 28–50, respectively.

Figure 3. Combination plot of δ13C-CO2 and δ13C-CH4 with isotope fractionation lines (εc).
Methanogenesis by carbonate reduction (saline, marine region) has a larger CO2–CH4 isotope
separation than methane consumption. The figure also shows the observed CO2–CH4 carbon isotope
partitioning trajectories resulting from both microbial methane formation and oxidation processes
(adapted from Whiticar [35]).

At first glance, our εc results suggest that methane in gas hydrates in the PUC 01B sample
originated from methyl fermentation in freshwater or the gas composition contained a fraction of 13C
enriched from a thermogenic source. However, this indication is not consistent with the molecular and
isotopic data, which clearly document microbial methane generation via CO2 reduction (Figure 2b).

There are some processes that may affect the molecular and isotopic composition of a gas after its
formation/accumulation in a reservoir or during its migration to the surface: (i) mixing of several gas
sources, and (ii) anaerobic oxidation of methane [35,50,51]. These processes are described below in the
context of our samples.

4.3.1. Mixing of Several Gas Sources

Gases can be mixed in the reservoir or mixing can happen during migration through the sediments,
where microbial gas pools may exist at shallower depths. A detectable thermogenic influence in the
gas mix is possibly stronger, at the vicinity of gas conduits like faults, connecting deep gas sources to
the surface [52]. The attribution of mixing is due to other secondary post-synthesis processes and the
values of carbon isotopes of CH4 alone can be misleading. The recognition of mixing should be based
on δ13C-CH4 vs. C1/(C2+C3) plots, as can be seen in the continental slope area plots (Figure 2b).

If we look only at the δ13C-CH4 vs. C1/(C2+C3) plots, mixing of several sources can be partially
excluded in the Amazon fan samples, according to the isotopic signatures of methane that show a
clear microbial origin. However, in marine sediments, methanogenesis from microbial CO2 reduction
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usually leads to an εc range of 49–100%. Furthermore, the carbon fractionation factor εc, which is the
difference between δ13C-CO2 and δ13C-CH4, should remain constant upon depletion [35]. However,
in this work, this factor varied widely between 28% and 67% in samples from the Amazon fan proper,
and 20–50% in the adjacent continental slope area. The values obtained here fell below the normal
range (49-100%), except for the gas sample PC AMZ 119. Low εc values may be partly explained by the
fact that methane is transported by both diffusion as a dissolved phase and advection as gas bubbles,
in which the latter is probably an important process owing to the presence of large quantities of gas
venting on the water column [21]. The acoustic chimneys in the Amazon fan and adjacent slope area
are usually associated with the presence of numerous fractures [53–55], which may act as potential
fluid conduits for the upward migration of microbial gas or thermogenic gases [56]. Methane transport
in the gas phase forms massive hydrates at the chimney sites in this basin [21].

The predominance of isotopically light methane in sampled sediment cores to depths of 380 mbsf,
drilled in the Gulf of Mexico in 2005, and the minor amounts of clearly petroleum-related thermogenic
gas, and the widespread occurrence of thermogenic gas in the northern Gulf Mexico was surprising.
The exact origin of that deeper gas source was uncertain, but Lorenson et al. [57] based their results on
the biodegradation of petroleum that originated in more deeply buried sediments. In the present work,
we do not have the same interval depth as Lorenson’s study; however, in a few meters we found: (1)
trace amounts of heavy hydrocarbons in the gas hydrate composition; (2) enrichment of the heavier
13C in methane of sediments with increasing depths; (3) enrichment of 13C in methane comparing
gas hydrate in different depths; and, (4) trace amounts of other low-molecular-weight hydrocarbons
(propane, propylene and butane) in sediments.

Even with a biogenic origin related to microbial CO2 reduction, it is important to mention that
the gas composition of gas hydrate also showed trace amounts of propane and propylene in the
deepest depth (3.4 mbsf) in AMZ 319R, which was typically indicative of a thermogenic contribution
for the total gas composition. In Figure 4, even without apparent enrichment of gases dissolved in
pore water, there was enrichment in 13C in methane in the samples from gas hydrates, in relation to
free gas and dissolved gas samples (i.e., δ13CH4 was −80.9% and −77.3% in 1.5 mbsf and 3.4 mbsf,
respectively). Furthermore, the δ13CH4 values of free and dissolved gases showed enrichment of
13C and there was a possible trend in which heavier carbon isotopes became more prominent with
depth. These enrichments (both in gas hydrate as free and dissolved gasses) indicate that there was
some possible thermogenic contribution to the mostly biogenic analysed gas mix. Finally, the low
concentration of some hydrocarbons such as propane and butane, for example, is possibly due to high
microbial degradation [44,47,58,59]. Therefore, the ratio C1/(C2+C3) could be modified to high values
and could have masked the thermogenic origin. Figure 4 shows the relationship between the isotopic
compositions and depth in sites AMZ 121 and AMZ 319R.
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Amazon Fan 

PUC 35B AMZ 119 

 
AMZ 121 AMZ 319R 

 

Northwest Continental Slope 

PUC 03 PUCH 01B 

Figure 4. Diagrams showing the changes in the isotopic compositions with depth in sites of Amazon
fan and northwest continental slope. Open and solid circles indicate dissolved gases in pore water and
hydrate-bound gases, respectively.

Light isotopic values of CO2, similar to the ones found in the Amazon deep-sea fan, were also
described by Milkov [60]. Gases with CO2 mostly enriched in 12C have the most significant contribution
of primary microbial and/or thermogenic methane and/or may represent the initial CO2 from
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petroleum biodegradation, which had not yet been converted to methane [61] or was generated during
biodegradation [62,63]. In gases with CO2 mostly depleted in the lighter isotope 12C, a significant
portion of CO2 was apparently converted into methane and most CO2 was the residual gas from
methanogenesis. Based on this discussion, the CO2 produced during oil and gas biodegradation
(without methanogenesis) should have d13C values ranging from −39% to −25% for oil [62–64] and
<−40% for gas [65] which is generally more negative than the δ13C of CO2 liberated from dispersed
organic matter during diagenesis.

Therefore, in this work, we suggest that the isotopic composition of the CO2 is from gas oxidation
(light hydrocarbons) and not from the methanogenic biodegradation of petroleum hydrocarbons
through carbon dioxide reduction. Our δ13C of CO2 low values indicate, therefore, that CO2 is not
formed by methanogenic biodegradation of petroleum. The carbon isotope compositions of carbon
dioxide reflect its genetic origins. However, as carbon dioxide has higher chemical reactivity and a
wide range of potential genetic origins and sinks compared with hydrocarbons, it is usually difficult to
determine its specific origin. Some main processes may affect molecular and isotopic composition of
gas after its formation/accumulation in a reservoir or during its migration to the surface.

4.3.2. Anaerobic Oxidation of Methane

Another process that may affect the molecular and isotopic composition of a gas after its
formation/accumulation in a reservoir or during its migration to the surface can be the anaerobic
oxidation of methane. A possible explanation is the simplest occurrence of biogeochemical processes,
specifically the anaerobic oxidation of methane coupled with carbonate precipitation within the
sediment column. The latter process preferentially takes up methane with the lighter carbon
isotope [66], therefore producing a 12C-enriched CO2 that leads to a decrease of εc, as shown in
Figure 4 [35,67]. Methane is consumed by microbes at a greater rate than the heavier hydrocarbon
gases. This reaction also results in a CO2 pool that is enriched in 12C [35], with reported εc values
between 5 and 25 towards the latter stages of CH4 consumption by AOM, which are due to the
enrichment of 13C in the residual methane, rather than to an increase in 12CO2 from the oxidized
methane. The larger pool of CO2 relative to CH4 obscures the oxidation trend of εc values in its
initial stage [49]. Hence, AOM could be a potential factor contributing to the small εc observed in the
studied samples.

Gases with CO2 enriched in 12C make the most significant contribution to primary microbial
and/or thermogenic methane and/or may represent the initial CO2 from petroleum biodegradation,
which has not yet been converted to methane [61] or was generated during aerobic biodegradation [63].
In gases with CO2 mostly depleted in 12C, a significant portion of CO2 was apparently converted into
methane and most remaining CO2 was the residual gas from methanogenesis [68]. Because 12C–12C
bonds are easier to break than 12C–13C bonds, biodegraded residual gases become enriched in 13C
isotopes while produced CO2 would be depleted in 13C [44]. These gases are dissolved in biodegraded
oils and contain high concentrations of 12C-depleted CO2, suggesting significant biodegradation of
liquid hydrocarbons but perhaps limited biodegradation of gases [60].

In marine sediments, methanogenesis from microbial CO2 reduction usually leads to an εc range
of 49–100%. The values obtained for many samples in this work fell below this range. The most
convincing explanation remains the occurrence of biogeochemical processes, more specifically the
anaerobic oxidation of methane. This process preferentially takes up methane with the lighter carbon
atom [66], therefore producing a 12C-enriched CO2, which leads to a decrease of εc, as shown in Figure 3.
Ruffine et al. [56] determined the nature and origin of the gases bubbling at the Bay of Biscay. Their data
were also plotted outside the appointed fields due to the very light carbon isotopic composition of
CO2. They attributed the very light carbon isotopic composition to anaerobic oxidation of methane,
coupled with carbonate precipitation within the sedimentary column [56]. Recently, archaeal 16S
rRNA gene sequences were recovered that were characteristic of anaerobic methane oxidizers from
biodegraded oil reservoirs. This suggested that anaerobic methane oxidation occurred at some point
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during the subsurface degradation process [47]. As was mentioned, the gas biodegradation (without
methanogenesis) should have d13C values <−40% for gas [65], which is generally more negative than
the δ13C of CO2 liberated from dispersed organic matter during diagenesis.

5. Conclusions

Understanding the origin and composition of gases (methane, CO2) in sediments and gases
trapped in gas hydrates can help us to assess natural resources in sedimentary basins and also to
better understand the global carbon cycle. Our findings suggest that, in addition to large quantities
of methane formed by biogenic processes, the sediments and gas hydrates in the study area contain
detectable quantities of gases of thermogenic origin. These gases are stored in the sediments and
in gas hydrates, but also venting, and therefore, transferring mass (hydrocarbons of biogenic and
thermogenic origins) to the ocean. The molecular and stable isotope compositions of hydrate-bound,
free and dissolved gases in sediments from the Amazon fan and adjacent continental slope areas are
different. For the Amazon fan there was a dominant microbial origin of methane via carbon dioxide
reduction; however, a possible mixture of thermogenic and microbial gases resulted in relatively high
methane δ13C signatures in one of the sites in the adjacent continental slope. The values obtained
for carbon fractionation factor (εc) between δ13C-CO2 and δ13C-CH4 were below the normal range
expected for biogenic methane in marine settings. The low values of εc suggested that some processes
may have affected the molecular and isotopic composition of gases after their formation/accumulation
in a reservoir or during their migration due to: (i) the mixing of several gas sources or (ii) the anaerobic
oxidation of methane.
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Abstract: Exploratory work for hydrocarbons along the southeastern Brazilian Margin discovered high
concentrations of CO2 in several fields, setting scientific challenges to understand these accumulations.
Despite significant progress in understanding the consequences of high CO2 in these reservoirs,
the role of several variables that may control such accumulations of CO2 is still unclear. For example,
significant differences in the percentages of CO2 have been found in reservoirs of otherwise similar
prospects lying close to each other. In this paper, we present a hypothesis on how the rifting
geodynamics are related to these CO2-rich accumulations. CO2-rich mantle material may be intruded
into the upper crustal levels through hyper-stretched continental crust during rifting. Gravimetric and
magnetic potential methods were used to identify major intrusive bodies, crustal thinning and other
geotectonic elements of the southeastern Brazilian Margin. Modeling based on magnetic, gravity, and
seismic data suggests a major intrusive magmatic body just below the reservoir where a high CO2

accumulation was found. Small faults connecting this magmatic body with the sedimentary section
could be the fairway for the magmatic sourced gas rise to reservoirs. Mapping and understanding
the crustal structure of sedimentary basins are shown to be important steps for “de-risking” the
exploration process.

Keywords: carbon dioxide; Santos Basin; potential methods; gravimetric data; magnetic data;
mantellic source; Bouguer anomaly; São Paulo Plateau

1. Introduction

Variations in the atmospheric composition and climatic changes throughout geologic time were
crucial not only for the birth of life on Earth but also for acting as the trigger of several episodes
of mass extinction and the development of new species after biological readjustments faced new
environmental conditions. More recently over the historic human time-scale, the eruption of large
carbon dioxide (CO2) and dust emissions generated by recurrent volcanic eruptions affected the climate
of the entire Earth.

At the present time, carbon dioxide is released not only from natural sources like biological
and volcanic activities but also by a strong anthropogenic action including fossil fuel combustion for
transport, industry, and energy generation.

Geology shows that the CO2 natural emissions are commonly associated with Earth endogenic
activity since the beginning of geological times. This endogenic sourced CO2 could reach the Earth
surface by natural sequestration in buried rock formations also occur in some specific regions depending
on the geological framework. In some areas of the world, large accumulations of CO2 have been found
in geologic traps associated both with or without hydrocarbons.

Geosciences 2019, 9, 252; doi:10.3390/geosciences9060252 www.mdpi.com/journal/geosciences77



Geosciences 2019, 9, 252

In Brazil, significant CO2 accumulations were not identified before the first decade of this century.
Since 2006, large volumes of carbon dioxide and fluids with high CO2 content have been discovered in
some of the oil fields located in the pre-salt section of Santos Basin. In one of the drilled prospects,
carbon dioxide was found to be up to 80% in the gas cap. This is an unusual fluid association for this
petroleum province, as a CO2-rich gas cap with condensate is on top of a heavy-oil (18◦ API) filled
reservoir, whereas in nearby fields with apparently similar geological settings the CO2 content is much
lower, and oils are commonly lighter at 29◦ to 30◦ API [1].

High concentrations of CO2 represent a major challenge to field developments not only because of
technical difficulties related with the CO2 separation from the hydrocarbons in case of large production
rates but also because of the integrity risk of facilities as fast corrosion processes can reduce the lifetime
or cause collapse of production pipes and other equipment [2]. Another important issue is related with
the CO2 disposal as international protocols towards the reduction of the emissions of gases linked to
the greenhouse gas effect (GHG), especially after COP XXI, do not allow any CO2 atmospheric release.

Disposal of CO2 in the oil reservoirs during the production as an enhanced oil recovery (EOR)
technique or after its depletion for CO2 sequestration are solutions to minimize emissions. However, in
both cases, dedicated handling facilities will be required, adding to the expense (capital and operating
costs) of the project.

In addition to health, safety, and environment (HSE) implications, the CO2 prediction in petroleum
reservoirs is very important to enhance our knowledge of the petroleum system in exploration and
de-risk new ventures. The interaction of CO2 with other fluids and with host rocks can create important
changes in the physical-chemical properties of the petroleum. Evaporative fractionation after a latter
CO2 arrival could explain the fluid stratification found in some petroleum reservoirs. Diagenetic
processes due to this CO2 arrival could also affect reservoir perm-porosity properties.

Although CO2 occurrences in petroleum reservoirs are common worldwide, usually they are of
low concentrations of less than 5%. Occurrences in the order of 20% correspond to less than 1% of all
cases [3].

In the hydrocarbon prolific Santos Basin, the amount of CO2 proved in several drilled prospects is
very heterogeneous even in adjacent areas with very similar geologic contexts.

That is the case of the almost twin prospects of Tupi (Lula field) which has low CO2 content and
Jupiter where a concentration of 80% of CO2 within the total gases is reported [1]. The origin of this
gas from Earth’s mantle has already been proven by the isotopic analyses of noble gases [4].

Several hypotheses have been proposed to explain this mantle sourced carbon dioxide in
hydrocarbon reservoirs, namely regional crustal thinning, deep-seated faults, high fault density,
igneous intrusions, among others [3–7].

The combined geological, geophysical setting, and gaseous geochemistry allow us to infer that
the geodynamic evolution of São Paulo Plateau/Santos Basin area had several episodes of intense
upwelling of magmatic material sourced from the mantle throughout late Cretaceous and Lower
Eocene times as generally recognized in the regional geology.

In this paper, we present a hypothesis to explain the processes that control the geographic
distribution of large volumes of CO2 in the São Paulo Plateau region. This hypothesis can also
provide a good explanation for the differences in CO2 contents found in Jupiter structure and the
neighbor discoveries.

2. Materials and Methods

As the area of this case study includes the Jupiter prospect, where high concentrations of
carbon dioxide were reported [1], the reasons, source and carrier mechanisms for that abnormal CO2

concentration are some of the project aims.
Seismic interpretation and geological analyses were undertaken but the most reliable hypothesis

to explain the CO2 concentrations in the reservoirs is from the analyses of the gravity and magnetic
data obtained from global databases.
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The public domain potential data set employed in this study - satellite data, ship track data,
and others—were downloaded from websites: http://topex.ucsd.edu/WWW_html/mar_grav.html
and http://www.geomag.us/models/wdmam.html. Our experience indicates that such a database is
adequate to regional studies of continental margins and oceanic basins.

2.1. Gravimetric Data

As described by Sandwell and Smith [8], radar altimetry by satellite has enough accuracy to define
the gravity field of oceanic basins due to the redundancy of data acquisition. Profiles collected over
the years by satellites like ERS-1 and TOPEX-POSEIDON allowed the visualization of high-resolution
gravity anomalies. The authors produced 4 mGal grids of concordance with data collected by ships.
As the values of gravity over the oceans typically vary from 20 to 300 mGal, we conclude that the
satellite gravity data are adequate for regional geophysical studies of the Earth’s crust [9,10].

To visualize the gravity anomalous field in the region of the São Paulo Plateau the free air and
Bouguer anomalies were initially determined. An infinite plate of 1750 Kg/m3 was used to represent
the density contrast between the water column and the marine substratum based on the work of
Pawlosky [10]. This author obtained very satisfactory results in studies using gravity in the African
continental margin of Namibia. Considering the similar nature of the conjugated margins, the same
value of density in the south and southeast segments of the Brazilian continental margin was used
with consistent results.

2.2. Magnetic Data

A global grid of the total magnetic field anomaly, named EMAG2 [11], was produced from
satellite measurements, ship, and airborne surveys. This grid corresponds to a more accurate and
up-to-date version of its predecessor WDMAM [12]. For their research, a compilation of airborne and
ship surveys, available across the world, was meticulously performed by Maus and colleagues [11,12].
They minimized cross-errors found between the various surveys track lines. Finally, large wavelengths
exceeding 330 km were subtracted from normalized data and replaced by the high accuracy magnetic
measurements of the CHAMP satellite. This procedure allows a great improvement in the regional
representation of the anomalous magnetic field because the long wavelengths are often corrupted in
the marine surveys due to the lack of control of the temporal variations of the magnetic field.

3. Results

3.1. Regional Setting

The Santos Basin situated offshore southern Brazil between Campos and Pelotas Basins, offshore
the states of Rio de Janeiro, São Paulo and Parana (Figure 1), is one of a series of basins located at the
continental margin, the origin of which is connected to the early Cretaceous rifting of the South Atlantic.
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Figure 1. Santos Basin Location.

All these basins have identical sedimentary fills with similar depositional sequences triggered by
the same main tectonic events. Moreira et al. [13] proposed the latest stratigraphic chart for Santos
Basin (Figure 2).
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Figure 2. Simplified Santos Basin stratigraphic chart, modified from from [13].

During the process of separation of the African and South American plates, at the beginning of
the rift phase, basaltic flows of the Camboriú Formation (Hauterivian) occurred, which is associated
with the early stretching of the crust. Above the basalts, conglomerates and polimythic sandstones
of the Piçarras Formation were deposited in proximal areas and organic-rich black shales in deeper
parts of the basin, during a period of intense tectonic activity. Above the Piçarras Formation, still
in the rift phase but in a less intense tectonic period, bounded by two prominent unconformities,
the Itapema Formation was deposited with a great variety of limestones in proximal domains and
layers of black shales in distal areas. In some areas, coquina reservoirs of great permo-porosity quality
occur in this formation. Covering the Itapema Formation, the Barra Velha Formation occurs as a
sequence of limestones, stromatolites, microbiolites, and shales deposited in a hypersaline shallow
marine environment. Immediately above these reservoirs a 2000 m thick evaporitic sequence—the
Ariri Formation—is a perfect seal. Above this evaporitic section several depositional sequences, mainly
composed of open marine siliciclastics, mostly sandstones near shore and shales in greater depths, fill
the basin since Albian to Quaternary.
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The basin spans some 300 km along the continent and 700 km width in its dip direction. These
dimensions indicate the unusual stretching suffered by the continental crust during the early stages
of this basin formation [14]. The equivalent section at the conjugated margin, at the African side, is
significantly narrower highlighting the asymmetry of the two continental passive margins.

This basin started to be explored for hydrocarbons in the early seventies and its first discovery,
the Merluza field, was announced in 1979. More recently, after 2006, giant oil fields were discovered in
its deep-water region, and Santos Basin became the most prolific basin of Brazil. However, in some
of these significant hydrocarbon discoveries. abnormal amounts of CO2 were identified. Due to the
production problems created by these high CO2 contents avoidance of such areas is desirable, and this
can only be achieved by an understanding of the origin, migration paths, and trapping of this CO2.

3.2. Structural Elements of Santos Basin-São Paulo Plateau

The main structural elements defined by the seismic data in this area can be highlighted and better
defined using gravimetric and magnetic methods (Figures 3 and 4). A residual Bouguer anomaly map
obtained by the removal of the regional trend, typically ascending towards the oceanic crust from its
first vertical derivative or vertical gradient, reflects the basement structure of the basin and the intra
crustal structures normally associated with mantle elevations (Figure 4). The western boundary of
Santos Basin is defined by a hinge line highlighted by a prominent gravity positive anomaly.

 

Figure 3. Santos Basin main structural features obtained from the potential methods interpretation,
plotted on the bathymetric map. M and T are the locations of the Merluza and Tupi fields. J is the
location of Jupiter prospect. COB corresponds to the continent–ocean boundary.
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Figure 4. Residual Bouguer anomaly map. The blue areas correspond to the minimum gradients whereas
the red and pink correspond to the maximum gradient areas of the residual anomalies. The yellow
rectangle corresponds to the area studied in detail. COB corresponds to the continent–ocean boundary.

Another conspicuous positive anomaly of great magnitude is observed at the southwestern limit
of the basin. This anomaly is associated with a mantle elevation and formation of oceanic crust in
this region.

In map view, it has an arrow shape that narrows to the north (Figures 3 and 4). It extends
northwards up to the region of the Merluza Field as a negative aligned anomaly. This arrow-shaped
feature is interpreted as an early aborted spreading center related to an initial rifting process. A graben
affecting the basement rocks is visible there on seismic data. No oceanic crust is interpreted within this
northern graben. The oceanic crust was formed at its wider southern part whereas just a continental
graben occurs further to the north (Figures 3 and 4).

A conspicuous large amplitude residual anomaly pattern delineates the Santos Outer High and
further east the continent–ocean boundary (COB) is interpreted (Figure 4). The southern boundary
of the São Paulo Plateau is clearly defined by a positive anomaly and by a prominent topographic
feature named São Paulo Ridge, which is part of a major fracture zone—the Florianópolis Fracture
Zone (Figure 4). The yellow rectangle in this figure defines the area where CO2 anomalies were found
in hydrocarbon reservoirs.

A good correlation is observed between the residual Bouguer map and the vertical gradient map
of the total magnetic field (Figures 4 and 5). The hinge line of the basin is marked by a clear contrast
between a high-frequency anomaly pattern, indicative of shallow basement and a smooth pattern of
the deeper basement to the east.
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Figure 5. Vertical gradient of the total magnetic field map. The blue areas correspond to the minimum
gradients, whereas the red and pink correspond to the maximum gradient areas. The yellow rectangle
corresponds to the area studied in detail. COB corresponds to the continent–ocean boundary.

The Santos Basin Outer High identified on the gravimetric records (Figure 4) cannot be defined on
the magnetic map (Figure 5). This is due to the predominance of intracrustal magnetic bodies as the
source for such anomalies. Such source obliterates any contribution from the basement surface as a
source of anomalies. Whereas in the gravimetric record is the opposite, the highs and lows related to
the structure of the basement are responsible for the majority of the gravimetric contributions.

The abundant presence of such intracrustal sources generates a typical magnetic pattern that
characterizes the crust under the São Paulo Plateau. The boundaries of this crustal domain are defined
by a relative increase in the frequency content generated by linear anomalies controlled by the NE-SW
structural trend of the basement rocks (Figure 5).

The distribution of these anomalies is similar to the one observed on a typical oceanic crust. The
crust under the São Paulo Plateau can be interpreted as a highly stretched and magmatic injected
continental crust or a transitional crust [15,16]. The western limit of this province is defined by the
aborted spreading center axis, followed to the north by aligned grabens and by the NW boundary of
Santos Outer High. On the other side, the eastern limit is the boundary between the continental and
the oceanic crust (Figures 4 and 5).

Figure 6 shows the detailed studied area (yellow rectangle in Figures 4 and 5) where magmatic
bodies injected into the crust were interpreted from the horizontal derivative in the direction of the
magnetization induced by the current magnetic field. Additionally, a vertical derivative calculated
from the horizontal one produced a view with more details and a better positioning of the interpreted
magmatic bodies associated to the axes of maximum values of the derivative (Figure 6A).
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Figure 6. Interpretation map of the detail area highlighted in the Figures 4 and 5. (A) Magnetic map of
derivative showing interpreted magmatic bodies injected in the crust, represented by black areas and
black dashed lines, associated with axes of maximum values of the derivative (areas in warm tones).
Observed declination and inclination of the total magnetic field (D = 23◦ W, I = −42◦). (B) Residual
Bouguer map showing the injected magmatic bodies underlying the basement structural highs (red
and pink areas). The blue polygons indicate the areas of Tupi (T) and Jupiter (J) associated with their
respective structural highs. The yellow straight line shows the location of the modeled section shown
in Figure 7.

85



Geosciences 2019, 9, 252

Figure 7. Modeled section based on magnetic, gravity and seismic information. The wells located on
the region of the major intracrustal intrusion contain the highest amount of CO2 found so far on the
Brazilian Continental Margin. Section location in Figure 6.

The methodology for mapping the magmatic bodies was developed in this research based on the
analysis of the derivative maps with the orientation of the modeled section of Figure 7. This kind of
approach seems to be more effective than the most commonly used methodology in which the vertical
derivative of the field reduced to the pole is determined. This is due to the characteristic positioning of
the magmatic bodies, strongly aligned in the NE-SW direction of the rift structural trend (normal to
the magnetic field) which greatly intensifies the induced magnetization component, thus favoring the
horizontal derivative in the direction of the current magnetic field.

Figure 6B shows the residual Bouguer anomaly in relation to the underlying magmatic bodies.
Positive residual anomalies (areas in red and pink) reflect the basement structural highs, bordered by
normal faults that were active during the rifting stages of the basin.

The modeled section (Figure 7), perpendicular to the main trend of the faults in the area was
obtained by the direct method using a 2.5 D model in which, to avoid ambiguities, restrictions were
imposed using the 3D seismic data information, such as the base of the evaporitic section and the
volcanic basement. The deeper levels of the crust were not defined by seismic data but from the gravity
and magnetic data instead.

The attenuated continental crust under the volcanic sequence considered as the basement for
this basin was also defined. The thickness of this crust is highly variable due to the great amounts of
stretching experienced by this region.

These areas of crustal thinning are more susceptive to suffer magmatic injections with
mantle-derived materials. Vertical magmatic intrusions could reach the higher crustal levels where
they could be intercepted by rifting faults propagating at the higher levels of the basement or later on
in younger formed grabens as well.

In the studied area, over the Jupiter structure, a strong total field magnetic anomaly is noticeable
(Figure 8A). This anomaly is interpreted as produced by a robust intrusive body that reaches the upper
crust close to the base of the sedimentary layers of the syn-rift section (Figure 7). This intrusive body is
well evidenced by the transformation of the total magnetic field anomaly map by the methodology of
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the derivatives, developed in this research, described above (Figure 8B). The estimated position of the
top of the intrusive body is, thus, mapped with improved accuracy.

Figure 8. (A) Detailed map of the total field magnetic anomaly located at the SE of the Jupiter structure.
The yellow straight line marks the map location of the modeled section (Figure 7). Note its high
amplitude (greater than 150 nT) associated with a shallow localized source. (B) Derivative map of
the total magnetic field anomaly showing the estimated location of the intrusive stock type body
responsible for generating the total field magnetic anomaly. The top location of this body is defined by
the black contour on the maximum values of the derivative. Note that the location of the intrusive
body in the total field map is at the area between the maximum and minimum total field anomaly.

This is a typical anomaly of a localized body, associated to a probable large stock (Figure 8B). In the
studied region, there are other similar anomalies, but these are much less prominent than the Jupiter
anomaly that reaches more than 150 nT of amplitude (Figure 8A). The smaller anomalies verified in the
area are probably associated with deeper or smaller intrusions and are therefore masked by regional
total field anomalies and highlighted only by the gradients of the field (Figures 5 and 6A).

Numerous magmatic bodies intruded in the crust were defined extrapolating this model for the
detailed anomaly in conjunction with the regional magnetic gradient map (Figure 6A). Plugs and stocks
are shown on the map as black polygons and large dikes as black traces (Figure 6). These magmatic
intrusions seem to be more abundant towards the distal parts of the basin in areas of the Outer High
region controlled by the NE-SW structural trend of the rift.

4. Discussion

The large concentrations CO2 in Santos Basin were unexpected during the early exploratory
process of its deep-water areas. However, drilled pre-salt prospects have shown a wide range of CO2

contents bringing together environmental and production complications. The mantellic origin of these
CO2 occurrences was established via noble gases isotopic analyses [4]. Nevertheless, processes and
mechanisms responsible for the fate (introduction, migration, and preservation) of CO2 in petroleum
systems still remain unclear.

Many authors have suggested that the “CO2-risk” in sedimentary basins could be related to
the proximity of igneous intrusions and deep-seated faults, or to geothermal gradient higher than
30◦ C/km [3,5]. Other geoscientists suggested empirically that in some areas as, for example, in the
Southeast Asia, CO2 accumulations must be controlled by type and age of crustal basement, fault
density, temperature, and pressure of reservoirs [6].

87



Geosciences 2019, 9, 252

More recently, strong evidence has been gathered indicating that mantle helium and occurrences
with higher percentages of CO2 were related to areas of crustal thinning in depths of about 26–28 km,
with thermal flux higher than 61 mW/m2 [7].

Such conditions suggest rock melting due to the asthenosphere rising towards the crust. However,
the occurrence of just one or more factors described above is not an unequivocal proxy for large
accumulations of CO2 in petroleum reservoirs. Such uncertainties are the main reason to investigate
more thoroughly processes and mechanisms that generate, introduce, and accumulate CO2 in petroleum
systems. Independently of such myriad of details to be studied, a tool with the power to recognize deep
related magmatic processes would be an excellent proxy to infer “CO2-risk” in petroleum reservoirs.

In this way, our work focused on crustal studies is based mainly on potential method data
associated with the geologic interpretation of the Jupiter Prospect data, where the highest CO2

concentrations are reported up to date. The obtained results allow us to propose an association of the
CO2 and intracrustal intrusions of mantle-derived material.

Both gravity and magnetic data indicate the existence of a highly stretched continental crust
under the São Paulo Plateau and a rather unique and conspicuous anomaly under the Jupiter Prospect.
Modeling indicates that this anomaly corresponds to an intracrustal intrusion that reached almost to
the top of the basement rocks in this area. We interpret this intrusion as the main responsible agent
to transport CO2 from the mantle into the reservoir levels in the pre-salt section of this area. Other
occurrences of CO2 in Santos Basin are all located in the stretched crust of the basin and are also
interpreted as provenient from mantle material ascending along major fault segments.

The São Paulo Plateau, the distal portion of Santos Basin went to a complex rifting from its
African counterparts and suffered extreme crustal stretching. That created a unique type of crust,
which can almost be considered as a transition between continental to oceanic crust. Characteristics of
both can be seen on the potential methods data. Thinning of the continental crust on the São Paulo
Plateau facilitated mantle-derived material to rise to the upper crustal levels, bringing together CO2

that eventually could migrate to upper levels and become trapped in reservoirs, with or without
hydrocarbons or other gases like H2S. The conspicuous magnetic anomaly found under the Jupiter
Prospect indicates a shallow intrusion reaching almost the base of the sedimentary sections. The heavy
oil found in the Prospect Jupiter can be explained by the selective extraction of light molecular weight
of petroleum fraction due to the natural chromatographic effect produced by the CO2 migration in a
process similar to the one proposed by [17].

Very low CO2 content is found in the petroleum fields located at the proximal areas of Santos
Basin, neither on the fields of Recôncavo or Potiguar aborted rifts. In basins with expressive volcanism,
like the Solimões Basin, where a thick continental crust exists, or even in Campos Basin, located to the
north of Santos and with a much lesser amount of crustal stretching, almost no CO2 is found. The lack
of CO2 in areas of lesser amounts of continental crustal stretching seems to be a rule.

Analyses of satellite potential data seem to work very well to characterize basins located on
stretched continental where potentially mantle-derived material could rise to the upper crustal levels
and bring large amounts of CO2 with them. In this work, we have demonstrated the immense potential
contained in these data. Potential data from regional satellite grid should thus be considered as an
exploratory tool of great value to estimate “CO2-risk”.

5. Conclusions

Gravimetric and magnetic methods are reliable proxies for the identification of major intrusive
bodies, crustal thinning, and other geotectonic elements that are related to the significant occurrences
of CO2 in the Southern offshore Brazilian basins, e.g., Santos and Campos.

Considering the unequivocal relationship between the abundance of CO2 and the intensity of
mantle signature of CO2-associated helium [4], the approach used in this work can be an efficient tool
to predict the “CO2-risk” in those basins.
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Despite the significant progress that has already been reached on the understanding of CO2

fate, the role of other variables that could control the abundances of CO2 in reservoirs is still unclear,
sometimes twin prospects have significant differences in the percentages of such gas.
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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 × 1011 m3 and 4.1 × 1010 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 m3 of hydrate will yield 0.8 m3 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
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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 Concepción. Afterwards, other bathyal seep sites were identified, mainly by
the presence of typical seep communities: (a) off the Limarí 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−1 north of the CTJ, and the Antarctic plate subducts in an ESE direction at about
20 km·Ma−1 south of the CTJ (e.g., [56]). The CR spreading rate has been estimated to have been about
70 km·Ma−1 over the past 5 Ma, but within the last 1 Ma, it has slowed down to about 60 km·Ma−1

(e.g., [58]).

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 (CTJ), 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−1 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 CTJ 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 CTJ 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-1. 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 = (TBSR − TSEA )/(ZBSR − ZSEA), (1)

where BSR and seafloor depths (ZBSR, ZSEA) were extracted from the PreSDM section. Seafloor
temperatures (TSEA) were based on measurements from CTD data collected during ODP Leg 141 [75],
while BSR temperatures (TBSR) 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).

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 CTJ region,
bulk estimates of hydrate and free gas concentrations at standard temperature and pressure (STP)
conditions were calculated using the following values:
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• 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 km2.
Considering these assumptions, the methane budget is 7.21 × 1011 m3 at STP conditions;

• 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 km2.
Considering these assumptions, the methane budget from gas hydrates is 4.1 × 1010 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
(mbsl)

Area (m2)
Temperature

(K)
Pressure

(MPa)
Volume

in-situ (m3)
Volume STP

(m3)
Volume

Expansion Ratio

500–1000 4.19 × 108 285.8 7.6 4.25 × 107 3.69 × 109 86.8
1000–1500 4.37 × 108 289.7 12.7 4.44 × 107 6.71 × 109 151.2
1500–2000 5.59 × 108 291.0 17.7 5.68 × 107 1.20 × 1010 212.2
2000–2500 3.69 × 108 291.5 22.8 3.75 × 107 9.90 × 109 263.9
2500–3000 2.79 × 108 292.1 27.9 2.84 × 107 8.67 × 109 305.5

Total 2.06 × 109 2.10 × 108 4.10 × 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/m2) 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 SO4, 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 CTJ 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:

• 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;

• The amount of hydrate and free gas estimated over the studied area were 7.21 × 1011 m3 and
4.1 × 1010 m3, respectively;

• An inverse 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;

• An extremely high geothermal gradient close to the trench was calculated, reaching values up to
190 ◦C·km−1, 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;

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

• The CTJ is an important methane seepage area and should be the focus of novel geological,
oceanographic, and ecological research.
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Abstract: In the last few years, interest in the offshore Chilean margin has increased rapidly due to the
presence of gas hydrates. We have modelled the gas hydrate stability zone off Chilean shores (from
33◦ S to 46◦ S) using a steady state approach to evaluate the effects of climate change on gas hydrate
stability. Present day conditions were modelled using published literature and compared with
available measurements. Then, we simulated the effects of climate change on gas hydrate stability in
50 and 100 years on the basis of Intergovernmental Panel on Climate Change and National Aeronautics
and Space Administration forecasts. An increase in temperature might cause the dissociation of gas
hydrate that could strongly affect gas hydrate stability. Moreover, we found that the high seismicity
of this area could have a strong effect on gas hydrate stability. Clearly, the Chilean margin should be
considered as a natural laboratory for understanding the relationship between gas hydrate systems
and complex natural phenomena, such as climate change, slope stability and earthquakes.

Keywords: gas hydrate; modelling; climate change; Chilean margin; slope stability; earthquake

1. Introduction

Many scientists worldwide have been working to better understand the onshore and offshore
distribution of gas hydrate and its stability conditions. Natural gas hydrate is studied for a number of
reasons, e.g., hydrate accumulations can store large amounts of natural gas, which could represent a
potential energy resource (i.e., [1,2]).

Gas hydrates play an important role in the Chilean margin, mainly on account of critical issues
concerning their potential dissociation. In fact, any variation in pressure and/or temperature conditions
can lead to gas hydrate dissociation [3]. This may occur in the near future, as modelled by several
previous studies (e.g., [4]), since the most recent assessment made by International Panel on Climate
Change [5] confirmed that climate change may result in rising ocean temperatures and sea level.
The release of huge quantities of natural gas in the water column could affect the marine ecosystem
resulting in significant impact to benthic organisms [6]. Furthermore, methane is an important
greenhouse gas, so after its release into the ocean, it could reach the atmosphere, resulting in positive
feedback for global warming, as underlined by previous studies [7–9], although this is still the subject
of debate among the scientific community (i.e., [10–13]). In fact, many factors prevent the methane
from gas hydrate from reaching the atmosphere, such as methane release velocities and rates from the
subsurface, and methane oxidation to carbon dioxide by microbial and chemical processes [14].

Geosciences 2019, 9, 234; doi:10.3390/geosciences9050234 www.mdpi.com/journal/geosciences106



Geosciences 2019, 9, 234

In recent years, the relationship between gas hydrate and submarine slides has been widely
studied (e.g., [15]). Excess pore pressure has been identified as a key parameter in assessing slope
instability [16]. Shear strain resistance significantly increases in hydrate-bearing sediments compared
to hydrate-free sediments (e.g., [17]); during gas hydrate dissociation, released gas could increase
the local pore fluid pressure in the sediment. This leads to a decrease of normal stress and, as a
consequence, the formation of weak layers, in which less shear stress is needed to trigger failure
(e.g., [18]). For this reason, the change in mechanical characteristics of marine sediments due to gas
hydrate dissociation could lead to slope instability (e.g., [15]). Submarine slides would affect (i) gas
hydrate stability itself, (ii) marine ecosystems, (iii) seafloor infrastructure and (iv) coastal areas, due to
tsunamis that could be triggered [19].

The presence of gas hydrate in the Chilean margin has been confirmed by several geophysical
cruises, in particular along the accretionary prism [20–22]. Gas hydrate has been detected in water
depths up to 4 km with a depth range of 100–600 m below the seafloor (m b.s.f.) [13,23–28]. During
ODP Leg 141, drill holes near the Chile Triple Junction sampled gas hydrates [29]. Mean volume
concentrations of 18% and 1% have been observed for gas hydrate and free gas, respectively [20].
Recently, seismic data analysis confirmed the presence of gas hydrate and free gas, estimating
concentration values in agreement with direct measurements [13,27,28,30,31]. In addition, studies off
Valdivia estimated about 3.5% gas hydrate saturation in the pore space of marine sediments [21,30].

The study area is located in the southern segment of the central Peru-Chile margin (Figure 1) from
33◦ S to 46◦ S, covering about 1500 km from North to South. It includes the offshore regions from
Valparaíso to Península de Taitao. In this area, the oceanic Nazca Plate subducts eastward, under the
continental South American Plate, with an average convergence rate of about 8 cm/y [32–38].

The Juan Fernández and Chile ridges are the main bathymetric anomalies and represent the
northern and southern boundaries for the study area, respectively [39]. The study area is characterized
by a high sedimentation rate due to rapid erosion of the Andes and efficient fluvial transport, resulting
in turbidite trench infill greater than 2 km [40].

Methane hydrate is stable in seafloor sediments at depths greater than 500 m below sea level
(m b.s.l.), considering the equations of Sloan [3], as modelled by Tinivella et al. [18]. For the above
considerations, this work aims to make a preliminary evaluation of the stability of gas hydrate
and the possible effect of climate change on its stability by using a steady state approach along the
Chilean margin.
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Figure 1. Topography and major tectonic elements of the study area. The black rectangle shows a
sub-set of the study area selected for this work. The modelled area is the shelf-slope system, in which
seafloor depths reach more than 500 m b.s.l.
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2. Materials and Methods

2.1. Data Collection and Analysis

Gas hydrate stability on continental margins is a function of hydrostatic pressure, seafloor
temperature, salinity, geothermal gradient and gas composition [3]. To model the Gas Hydrate
Stability Zone (GHSZ) on the Chilean margin, the above-mentioned data have been gathered through
bibliographic sources and available databases. Data analysis was performed using Geographic
Information System (GIS) methods.

Bathymetry. In order to consider the hydrostatic pressure in our modelling, a bathymetric model
(Figure 1) was downloaded from the GMRT website [41]. For this work, a WGS84 projection was
chosen. The selected area from 33◦ S to 46◦ S and from 77◦ W to 71.5◦ W was imported and managed
in GIS.

Seafloor temperature. Seafloor temperature data are available on the National Oceanographic
Data Center website [42]. The selected data for the modelling area were interpolated in order to create
a 500 × 500 m cell seafloor temperature grid (Figure 2A). A comparison between the bathymetric model
and the seafloor temperature distribution suggests that seafloor topography strongly affects water
mass temperatures as expected. In fact, colder waters (1 ◦C) fill deeper basins, while eastward, close to
the Chilean shoreline, water temperatures are higher (13 ◦C).

Water column salinity. Water column salinity data were downloaded from the National
Oceanographic Data Center website [42]. The selected data for the modelling area were imported in
GIS and interpolated in a 500 × 500 m cell salinity grid. Figure 2B shows a water column salinity that
varies between 33 and 34.

Geothermal gradient. Geothermal gradient data have been derived from the heat flow/thermal
conductivity ratio. First, the heat flow and the thermal conductivity grids were built. To do this,
heat flow data have been gathered, merged together and interpolated in a 500 × 500 m cell grid.
They come from direct and indirect measurements. Heat flow data were collected during ODP
Legs 141 and 202 [29,34,43]. The indirect data have been obtained from seismic data acquired along
the Chilean margin, using the heat flow calculation method of Cande et al. [23] and reported in
Villar-Muñoz et al. [44]. They show a progressive regional increase of the heat flow values from North
to South: from about 24 mW/m2, off Valparaíso, to 250 mW/m2, close to the Chile Triple Junction.

Conductivity data come from a regional estimate, based on data collected during ODP Legs 141
and 202 [29,34,43,44]. Based on the average measured values, in the northern region the thermal
conductivity was assumed equal to 0.85 W mK−1 [34,44], whereas in the southern area it decreases to
1.25 W mK−1 [29,43]. These data were interpolated through a linear regression algorithm in order to
build a thermal conductivity grid. Combining the heat flow and the thermal conductivity grids, it was
possible to calculate the geothermal gradient grid. Nevertheless, it was not possible to display the
geothermal gradient in a map, because the number of data available for the interpolation was too low
if compared to the previous two grids. The average geothermal gradient is around 49◦C/km, which is
consistent with previous observations [43].

Gas composition. Based on log and downhole temperature measurements carried out during
ODP Legs 141 and 202 [43,45], the composition of gas hydrate in these sites is mainly methane.
Unfortunately, no other direct measurements are available regarding the gas composition along the
entire margin. So, we considered a pure methane hydrate that is more sensitive to climate change, as
demonstrated by several authors (e.g., [46]).
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Figure 2. (A) Seafloor temperature grid. (B) Water column salinity grid.

2.2. Modelling

We adopted a steady state approach to model the base of the GHSZ assuming that: (a) a seabed
temperature perturbation drives heat and has sufficient time to diffuse through the entire GHSZ;
(b) during that time gas hydrate does not form or dissociate within the GHSZ; and (c) there is no latent
heat. First, we simulated the present-day conditions in order to evaluate the zones where gas hydrate
stability is verified (hereafter called “Scenario S0”) using the above described data. The base of the
GHSZ was defined as the intersection between the gas hydrate stability curve and the geothermal
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curve (i.e., [18,47]). The modelling considers Sloan equations [3], concerning gas hydrates equilibrium
phases, and Dickens & Quinby-Hunt formula [48], which considers different salinity values. Applying
this approach, the depth of the base of GHSZ (zGHSZ) was calculated by solving the following equation:

{7.054 × 10−3 − 2.83 × 10−4 × [log·�w + log (zw + zGHSZ)]} × (T0 + 273.15 + 1×10−3 GG zGHSZ) = 1,

where zw is the water depth (m), T0 is the seafloor temperature (◦C), GG is the geothermal gradient
(◦C/km) and �w is the water density (i.e., [46]). The input data for this calculation were the above
described manipulated dataset, described in Section 2.1.

Considering the Intergovernmental Panel on Climate Change (IPCC) [5] and National Aeronautics
and Space Administration (NASA) [49] forecasts for future global warming, we simulated the effects of
climate change on the GHSZ. More precisely, we considered different seafloor temperature increases
(ΔT) and different sea level rises (Δs.l.), for 50- and 100-year-long terms. Based on the above cited
forecasts, the following scenarios were modelled:

Scenarios in 50 years:
- S1: ΔT = 2 ◦C,
- S2: Δs.l. = 1.6 m,
- S3: ΔT = 2 ◦C and Δs.l. = 1.6 m.
Scenarios in 100 years:
- S4: ΔT = 4 ◦C,
- S5: Δs.l. = 3.2 m,
- S6: ΔT = 4 ◦C and Δs.l. = 3.2 m.

3. Results

The depth of the base of GHSZ for the Scenario S0 is mapped in Figure 3. With sufficient
methane, gas hydrate could form from the seafloor down to 580 m b.s.f. along the lower slope, in
which bathymetric depths are as great as 6 km. The results of our modelling are in agreement with
geophysical data, as reported in Coffin et al. [50]. Travelling to the east, along the upper slope, the
base of the GHSZ becomes shallower until it intersects the seafloor at about 500 m b.s.l. (Figure 3).
The area of this intersection is the most sensitive to seafloor temperature variations due to its smaller
thickness, as observed by Marín-Moreno et al. [51]. To assess the error in modelling, we consider the
error estimated by seismic velocity model perturbation to be 5% because the geothermal gradients
were obtained from seismic data [22], and the error in bathymetric data as 1.5% in agreement with
Tinivella et al. [18].
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Figure 3. Depth of the base of the GHSZ below the seafloor for Scenario S0 (present-day conditions).
The base of the GHSZ is deeper for cool colors (lower slope) and shallower for warm colors (upper
slope-shelf). The light-blue line marks the intersection between the base of the GHSZ and the seafloor.
The red triangles highlight coastal locations very close to the intersection.
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Figures 4 and 5 show the results of our modelling for present and future scenarios. For each of
them, it was possible to model and calculate the thickness of the GHSZ. For future scenarios, these
values were compared to the present Scenario S0, in order to observe possible variations in terms of
thickness. Figure 4 shows for each scenario the average water depth at which the base of the GHSZ
intersects the seafloor, considering the estimated error. Figure 5 reports for each scenario the average
thickness of GHSZ sampled every 100 m.

Figure 4. Average water depth at which the base of the GHSZ intersects the seafloor, considering the
estimated error.

Figure 5. Average thickness of GHSZ. In every scenario, the thickness increases from the shelf-upper
slope to the lower slope.

4. Discussion

The modelling results show that the predicted changes in climate could affect gas hydrate stability
in the Chilean margin. Due to the small modelled increase in sea level, the S2 and S5 scenarios show
a negligible variation compared to S0 (Figures 4 and 5). In addition, S3 and S6 show a negligible
variation compared to S1 and S4, respectively (Figures 4 and 5). Considering different temperature
increases (S1 and S4), the modelled GHSZ would be reduced in terms of thickness and the average
water depth for stability conditions would be greater with respect to S0.

Table 1 reports the two future scenarios in which seafloor temperature increase was considered.
Global warming initially affects the stability of gas hydrate located in the proximity of the intersection
between the base of the GHSZ and the seafloor [51] in the shallow upper slope-shelf. It is worth
highlighting that the increase of 2 ◦C in seafloor temperature (S1) is almost the same observed for
S3, where 2 ◦C temperature increase is combined with a pressure increase due to 1.6 m sea level rise.
In both cases, in fact, there would be total gas hydrate dissociation in about 3% of the area in which gas
hydrates are stable at present (S0). The effects of global warming in 100 years would be similar but
amplified. In fact, in both S4 and S6, there could be a potential release of the gas in 6.5% of the area in
which the gas hydrate is stable at present (S0). It is possible to identify two zones (offshore Arauco
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Peninsula and Valparaíso) in which the intersection between the seafloor and the base of the GHSZ is
nearby to the shoreline (close to 10 km; Figure 3). Considering this, the potential dissociation could
have dangerous consequences for coastal cities and infrastructure because of possible slope instability.

Table 1. Amount of gas released by thermal dissociation of gas hydrate, considering a porosity of 40%
and a mean hydrate saturation of 3% according to the minimum value proposed by [21,30].

Scenario
Gas Hydrate

Dissociation Area
Total Volume Pore Volume

Hydrate
Volume

Gas Volume

S1 (ΔT = 2 ◦C) 3% 113 km3 45 km3 1.36 km3 222 km3

S4 (ΔT = 4 ◦C) 6.5% 482 km3 193 km3 5.79 km3 950 km3

At standard pressure and temperature conditions, about 164 m3 of methane are contained in
1 m3 of gas hydrate. So, according to our modelling, in the next 50 years, there could be a potential
release of 222 km3 of methane from hydrate dissociation for S1 (Table 1). On the other hand, in the
next 100 years there could be a potential emission of 950 km3 of methane for S4 (Table 1). However,
steady state models, which represent the hydrate system at the equilibrium after a warming or cooling
period, could overestimate emission of gas from hydrate. In fact, the non-inclusion of thermodynamics
processes, like self-preservation of gas hydrate [52] and the time of propagation of heat through the
entire thickness of sediments could lead to a too rapid disappearance of the GHSZ during warming
events [53].

To show clearly the possible effects of global warming, Figure 6 reports the intersections between
the seafloor and the base of the GHSZ for all scenarios, focusing on an area characterized by strong
slope gradients (35◦–38◦ S). Note that the lines related to S0, S2 and S5 roughly overlap as well as
S1–S3 and S4–S6, as already discussed; arrows represent the dip direction and their size is directly
proportional to the slope degree.

In the selected sector reported in Figure 6, due to the tectonic-sedimentary configuration, the area
is characterized by high angle slopes and, for this reason, unstable in the long term. In fact, high basal
frictions in convergent margins give rise to oversteepening and, therefore, more unstable accretionary
prisms [40]. If combined with local high sedimentation rate, these two factors could create some critical
areas with high risk for slope failure. Several authors have suggested that in the area reported in
Figure 6 the above conditions are verified and several slope failures are documented (e.g., [54–56]).
In fact, more than 60 submarine slopes were mapped in the area between 35◦ S to 38◦ S. Among
these, Valdes Slide, Reloca Slide and the Northern, Central and Southern Embayments are the most
noticeable lower-continental slides because of their size and volume [54–57]. In addition, most of the
slope failures mapped in this area are related to submarine canyons, mainly on the upper-continental
slope [56]. These critically-stable continental slopes are more susceptible areas to slide risk if gas
hydrate dissociation is considered [16]. It is important to remind ourselves that the combination of
critically-stable slopes and the proximity of the intersections to the coast contributes to define the
potential instability of this area.

In Figure 6, average slope values along the modelled intersections are about 10◦, up to 20◦ at
submarine canyons (e.g., Bío Bío Canyon). It is clear that the effect of the temperature increase modelled
in S4 and S6 could be potentially more critical in the proximity of the high degree slopes, located
not far from the coast. Also, active and fossil fluid venting, such as authigenic carbonates, along the
upper slope between 36.5◦ and 36.8◦ S seems to contribute to the potential weakening of sediment
cohesion and help trigger submarine landslides [58]. Moreover, the critical submarine slope issue
should be linked to the high seismicity characterizing the Chilean margin. In fact, areas characterized
by high basal friction coefficients and steep slopes (Figure 6) could be particularly sensitive in case of
an earthquake, promoting slides with potential gas hydrate dissociation. In particular, the selected
area has been affected by the strongest earthquakes ever recorded, such as the Mw 9.5 (1960) and the
Mw 8.8 (2010) events, both with very shallow hypocenters [59] (Figure 6).
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Recent studies show that slope stability in active margins is higher due to seismic strengthening,
hence suggesting an inverse relationship between seismicity and submarine landslides [60–62]. Despite
that, different authors [61,63] show that high sedimentation rates in continental slopes seem to be
able to counteract seismic strengthening, which is thought to be particularly high in this sector, as
mentioned before.

Finally, it is worth mentioning that, as already remarked by several authors (e.g., [19]), an
earthquake could trigger gas hydrate dissociation. So, better understanding of the link between gas
hydrate, slope stability and earthquakes is required.

 
Figure 6. Study area between 35◦ S–38◦ S. The solid colored lines represent the intersections between
the base of the GHSZ and the seafloor for each scenario. Here, the intersections are related to the slope
gradient, marked by red arrows; the main slope failures are mapped, and major recent earthquakes are
marked by stars.
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5. Conclusions

We modelled the GHSZ using steady state modelling to verify where the gas hydrate could be
stable along the Chilean margin and to evaluate in first approximation the possible effects of climate
change on gas hydrate stability. Based on the model results, it was possible to estimate the thickness of
marine sediments in which the conditions for the formation of gas hydrate are met.

Under present-day conditions (S0), depending on methane availability, gas hydrates can form
down to 580 m b.s.f., along the lower slope, as confirmed by Coffin et al. [50]. These authors integrated
data from seismic surveys, geochemical analysis of porewater samples from piston cores and heat
flow probing.

Considering the IPCC [5] and NASA [49] forecasts for the future global warming over the next 50
and 100 years, we simulated the impact of climate change on the GHSZ, for the first time ever for the
Chilean margin. The modelled future scenarios, considering an increase in temperature (S1, S3, S4, S6),
would indicate total gas hydrate dissociation along the upper slope. This suggests that, despite higher
pressure due to sea level rise, the effect of the seafloor temperature increase on gas hydrate stability
is significant. Sea level rise seems to be insufficient to counteract the effect of temperature increase,
which is primarily responsible for GHSZ thinning [64].

The potential methane release due to gas hydrate dissociation could cause slope instability. Due
to the tectonic-sedimentary configuration, the 35◦ S–38◦ S sector has been identified as potentially
critical for the long term. As a consequence, coastal cities could be seriously damaged if tsunamis
were triggered due to gas hydrate dissociation. Furthermore, the high seismicity of this area could
significantly affect slope failure and consequently gas hydrate stability. An integrated approach is
needed to understand the link between these processes.

In conclusion, our scenarios suggested that climate change could affect hydrate stability in long
term. For this reason, transient modelling is necessary to understand how the hydrate dissociation
could happen, since it shows how the hydrate system changes during the warming or cooling period
until the equilibrium state. Moreover, an integration with geophysical data, in particular seismic data,
could contribute to calibrate future models and to make appropriate assumptions on the initial gas
hydrate distribution and saturation, which are inhomogeneous from down-slope to up-slope [53,65].
Furthermore, our steady state modelling demonstrates that more effort should be devoted to gaining
a better understanding of the relationship between the gas hydrate system and complex natural
phenomena, such as climate change, slope stability and earthquakes.
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Abstract: To estimate the potential inventory of natural gas hydrates (NGH) in the Levant Basin,
southeastern Mediterranean Sea, we correlated the gas hydrate stability zone (GHSZ), modeled with
local thermodynamic parameters, with seismic indicators of gas. A compilation of the oceanographic
measurements defines the >1 km deep water temperature and salinity to 13.8 ◦C and 38.8%�
respectively, predicting the top GHSZ at a water depth of ~1250 m. Assuming sub-seafloor hydrostatic
pore-pressure, water-body salinity, and geothermal gradients ranging between 20 to 28.5 ◦C/km,
yields a useful first-order GHSZ approximation. Our model predicts that the entire northwestern
half of the Levant seafloor lies within the GHSZ, with a median sub-seafloor thickness of ~150 m.
High amplitude seismic reflectivity (HASR), correlates with the active seafloor gas seepage and is
distributed across the deep-sea fan of the Nile within the Levant Basin. Trends observed in the
distribution of the HASR are suggested to represent: (1) Shallow gas and possibly hydrates within
buried channel-lobe systems 25 to 100 mbsf; and (2) a regionally discontinuous bottom simulating
reflection (BSR) broadly matching the modeled base of GHSZ. We therefore estimate the potential
methane hydrates resources within the Levant Basin at ~100 trillion cubic feet (Tcf) and its carbon
content at ~1.5 gigatonnes.

Keywords: gas hydrates; methane stability; seismic interpretation; Levant Basin; Eastern Mediterranean;
climate change

1. Introduction

Gas hydrates are non-stoichiometric crystalline solids that are formed under a suitable
thermodynamic pressure–temperature–salinity balance of water molecules, arranged in lattice-like
crystal “cages” around gas molecules (e.g., [1,2]). Natural gas hydrates (NGH) deposits are widely
distributed along the continental margins around the world, where gas fluxes are steadily available
in the shallow sediment [2–7]. Their presence is bound in the marine environment between the top
of the gas hydrate stability zone (GHSZ) in the water column, and its base within the sedimentary
column below the seafloor. These are set by a thermodynamic balance between the impacts of pressure,
temperature, and salinity on the hydrate stability [8]. In practice, the GHSZ is primarily controlled
by the balance between the increase of water and sediment pressure with depth, the bottom water
temperature and the increase in temperature with the depth beneath the seafloor. In many places,
the presence of NGH is marked on seismic images by a bottom simulating reflection (BSR), suggested
to represent the accumulation of free gas below the GHSZ [9–11]. However, NGH are also reported in
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areas without the presence of a distinct BSR (e.g., [12–14]), and a seismic BSR does not always indicate
the presence of NGH (e.g., [14,15]).

NGH are estimated to contain a substantial portion of all organic carbon on Earth, and therefore play
a crucial role in the global carbon cycle [2,16,17] and constitute a major potential energy resource [18].
Moreover, the precarious stability of NGH may lead to their dissociation in response to global warming.
This may release vast amount of methane gas, which would induce a positive climate warming
feedback [1,19–22]. Alternatively, dissociation may occur locally in the course of offshore activities,
constituting a significant geohazard [23,24].

Isolated from the buffering effects of the global oceanic system, the Eastern Mediterranean Sea
(EMS; Figure 1) is particularly sensitive to global climate changes [24–27]. With a major part of
its seafloor within the GHSZ [28,29], this region would be expected to sustain a significant NGH
potential [5,30,31]. Thus, global and regional changes would be expected to result in accentuated
dissociation of hydrates in the EMS, which might result in a prominent climatic feedback response.
In addition, the EMS can offer a relatively closed-system natural laboratory to study the linkage
between environmental changes and NGH stability (e.g., [29]). Moreover, ongoing deep-sea discovery
and development of prominent natural gas reservoirs across the southeastern Mediterranean Sea, and
particularly in the Levant Basin (Figure 1) [32], invoke the need for addressing the possible presence of
NGH in this area. However, across the entire EMS region, NGH were recovered to date only in a few
mud volcanoes, and in spite of the pervasive exploration of the region no additional verified presence
of hydrates was observed [33].

This study re-assesses the potential presence of NGH in the Levant Basin (Figure 1) through
focused modeling of the GHSZ in the region and examining its correlation with a set of new observations.
The results of this study are expected to serve as a base for future evaluation of the controls and possible
impact of such presence.

1.1. Geological Setting of the Levant Basin

The Levant Basin was formed during the Early Mesozoic by the breakup of the northern edge
of Gondwanaland and subsequent collision with Eurasia but attained its present appearance during
the Neogene [34,35]. Seafloor spreading of the Herodotus and Cyprus basins was followed by the
development of subduction along the Cypriot arc, and a forearc accretionary system along the Florence
Rise-Latakia Ridge [36] (Figure 1). Coincident continental collision of Cyprus with the Eratosthenes
Seamount (Figure 1) probably resulted in ~1 km subsidence of the latter and its surrounding since Late
Miocene (e.g., [35]). Restriction of the connectivity with the Atlantic during the Messinian Salinity Crisis
resulted in the deposition of a thick evaporitic sequence [37–39]. This sequence reaches thicknesses of
~2 km in the central part of the Levant Basin and pinches out upslope toward the basin margins [40,41].
The top of this sequence is generally imaged as a pronounced high amplitude seismic reflection, the
M reflection [42]. Minor (generally <100 m) folding of the M reflector and seafloor, and a network
of faults affecting the post-Messinian sedimentary section accommodate the flow of the Messinian
evaporites away from the Nile delta and the eastern margin of the basin [43]. No diapirism of the
Messinian salt is observed across the Levant Basin. An outpour of clastic sediments since the Oligocene
and the formation of the present-day Nile formed an extensive sedimentary cone, which extends into
the Herodotus and Levant Basins (Figure 1) and reaches thicknesses of >8 km [44,45]. The eastern
deep-sea fan of the Nile (Figure 1), stretching across a major part of the basin, is riddled throughout
with deep-sea channel and lobe systems accommodating direct transport of Nilotic sediments toward
the Cypriot Deep (Figure 1) [43,46,47]. Concurrently, a sedimentary bypass of Nilotic sediments,
carried northeastward by currents and then transported down slope, constructs the northeastward
prograding southeastern continental margin sedimentary wedge [48–50]. Both the Nile deep sea fan
and margin sedimentary wedge prograded over the evaporites layer since the Pliocene, reaching at
present thicknesses of ~0.5 and ~1.5 km respectively (e.g., [43]). Estimated quaternary sedimentation
rates in the Levant Basin range between ~2.2 cm/ka on its northeastern margin, southeast of Cyprus,
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to ~6 to ~20 cm/ka in its southeastern part [51–53]. Organic-rich sapropel units deposited recurrently
in the EMS since the Miocene [54,55]. Their deposition co-occurred with periods of insolation maxima
and increased monsoonal activity, which caused increased Nilotic discharge into the EMS ([55,56]
and reference therein). This leads to the breakdown in deep-water formation and production of
anoxic conditions at the seafloor in the deeper parts of the basin [57]. Furthermore, increased primary
production augmented the organic matter flux to the deep-water [58,59], and its preservation was
enabled due to the anoxic conditions at the seafloor [56].

This study focuses on the evidence for shallow gas accumulation and potential NGH formation
within the widely distributed deep-sea channels of the Nile fan. The channels in the Levant Basin are
probably similar in their sedimentary content to the channels observed on the western Nile fan, which
transported mixed marine and terrigenous siliciclastic material [60]. Such sediments are characterized
by relatively large pore-space and grain-size, and therefore constitute a favorable media for hosting
free gas or NGH [61].

Figure 1. A color-coded and contoured bathymetric map of the Levant Basin [62], overlaid with the
outlines of the 3D seismic blocks (gray areas) and the TGS IS-2069 seismic profile (gray line) analyzed
in this work. The outlines of the seismic traverses displayed in Figures 6–8 are marked (red lines) and
labeled. Also marked are the locations of Hanna (H.) and Yam (Y.) wells (red dots), the outline of
Figure 5 (black rectangle), and the northern and western border of the study area (yellow dashed line).
The inset (upper left corner) displays a map of the Eastern Mediterranean Sea (EMS), marked with
natural gas hydrates (NGH) (brown stars) and methane seepage (green stars) observations locations:
1. The Thessaloniki mud volcano and Anaximander Seamount region (e.g., [33,63,64]); 2. the Olimpi
mud volcanos field (e.g., [33], and references therein); 3. observations of hydrates formation during
sampling [65]; 4. the Nile Delta and deep sea fan seepage domain (e.g., [66,67]); 5. seafloor seepage
offshore the Sinai Peninsula [68]; 6. (a) the Palmahim disturbance (P.D.) and Levant Channel (white line),
and (b) Gal-C, seepage sites [69–71]; 7. methane sampling offshore acre [70]; 8. Eratosthenes Seamount
seepage sites [72,73]. The main map is plotted in UTM coordinates (zone 36N, datum WGS84) and
labeled in km, while the inset is plotted in geographical coordinates.
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1.2. Natural Gas and Hydrates in the EMS

To date, NGH deposits were sampled or inferred to exist only on several mud volcanoes along the
accretionary complex traversing the northern part of the EMS ([33] and references therein; Figure 1).
Most NGH sampled there were predominantly found within relatively fine muddy sediments. On the
Thessaloniki mud volcano, in the Anaximander Seamount region, the predominantly methane bearing
NGH are present at a water depth of ~1260 m, just below the calculated top of the GHSZ [63,64].
A single set of direct indications of NGH stability in the Nile deep sea fan, in the southern part of the
EMS, was described by [65]. They observed formation of hydrates within a sampling funnel during
collection of gas emitted from the seafloor, and hydrate coating that formed on ascending bubbles,
dissolving near the top of GHSZ. Their analysis of the sampled gas composition demonstrated a
predominance of methane with minor portions of ethane and propane, for which the top of the GHSZ
was estimated at the water depth of ~1350 m. In accordance, echosounder imaging observed ascending
gas bubbles flares that dissipated just below a water depth of ~1350 m, presumably due to dissolution
of the bubbles hydrate skins at the top of the GHSZ [65].

In spite of extensive exploration activity across the EMS, including a broad coverage by 2D and 3D
commercial and academic seismic data and multiple drill wells, no additional observation of hydrates
or a seismic BSR was ever documented in peer-reviewed publications. Albeit, several meeting abstracts
reported observations of BSR in the Nile cone (e.g., [74–76]).

A multitude of pockmarks and other seepage edifice have been identified over the last two
decades across the Nile deep-sea fan and adjacent Levant Basin and Eratosthenes Seamount, with their
scope continuously expanding as new data becomes available (e.g., [68–73,77,78]). Similar intra- to
post-Messinian buried features are also abundant in the geophysical record [79–83]. Together these
provide potential sources for hydrates formation in the EMS, at present or over climatic changes. In
particular, this study is motivated by the recent discovery of active methane seeps within large scale
(hundreds of meters) pockmarks at a water depth of 1100–1250 m. These were identified on the crests
of compressional folds in the toe of the Palmahim disturbance [69–71,84] (Figure 1). The latter is
a large-scale (15 × 50 km) rotational slide detached on the Messinian evaporites offshore southern
Israel [85]. Additional seepage was discovered within the Levant Channel, and ~40 km west of there
on a seafloor fold in the Gal-C exploration block [71] (Figure 1). The Levant Channel is a major
deep-sea channel marking the eastern flank of the deep-sea fan of the Nile and bounding the Palmahim
disturbance on its west [43]. The prevalence of methane and scarcity of heavier hydrocarbons imply
that gas emitted from these surface features originates predominantly from microbial methanogenesis
(e.g., [65,70]). We note that also the commercial gas reservoirs, discovered recently at sediment depths
reaching ~5 km in the Levant Basin and below the deep-sea fan of the Nile, contain predominantly
microbial methane (e.g., [86,87]). However, no clear link has been delineated to date between these
reservoirs and seafloor seepage. Seafloor authigenic carbonates composition in the central deep-sea fan
of the Nile reveal spatio-temporal variations of Holocene seepage ages, suggested to be related with
sediment transport variations [88]. However, such variations may have alternatively, or additionally,
been associated with glacial-interglacial eustatic sea level cycles, affecting the stability of NGH
(e.g., [29]).

2. Materials and Methods

This study combines two stages: Modeling the GHSZ in the Levant Basin based on locally
constrained thermodynamic parameters; and analysis of seismic data for the distribution of high
amplitude seismic reflectivity (HASR) and additional indicators for the presence of gas.

123



Geosciences 2019, 9, 306

2.1. Hydrate Modeling Methodology

To model the GHSZ in the Levant Basin, we first constrained the thermodynamic parameters
(temperature, salinity, and pressure) in the relevant water depths (>800 m) of the basin (Figure 1) by
compiling data that was acquired in oceanographic surveys (Figure 2) and making assumptions with
respect to the sub-seafloor conditions. Modeling used the CSMHyd software (1998, Colorado School of
Mines Center for Hydrate Research, Golden, CO, USA) [89] to calculate the top of the GHSZ, and the
depth below the seafloor of its base for pure methane hydrates as a function of the Levant Basin seafloor
depth (Figure 3). Finally, using Matlab we mapped the base hydrate stability thickness throughout the
Levant Basin based on the seafloor bathymetry (Figure 4). In general, our analysis is bound by the
shallowing of the Levant Basin flanks. The deeper western limit was arbitrarily set approximately at
the crest of Eratosthenes Seamount, connecting it with the African coastline approximately along the
40◦ E latitude, with the Cyprus margins along the line connecting to the crest of Hecataeus Rise and
eastern Cyprus, and east to the Syrian margin (Figure 1). The details of our modeling procedures are
detailed below.

2.2. Seismic Data and Analysis Methodology

The seismic component of this work is based on the analysis of five commercially acquired and
processed 3D seismic blocks, and one 2D seismic profile (Table 1). The 3D blocks cover together
(with some minor overlaps) a significant portion of the southern to central parts of the Levant Basin
(Figure 1) between water depths of 900 to 1900 m, while the 2D profile connects the deepest 3D
coverage with the eastern margin of the basin. The different data products that were available for our
analysis vary in their exact processing and amplitude levels (Table 1), but were all processed through
standard commercial workflows yielding zero phase amplitude preserved data. Thus, although not
rigorously accurate the relative amplitudes are meaningful, at least in the region of interest within the
first hundreds of meters beneath the seafloor. This assumption was asserted by us through manual
visualization of the data, as well as through the calculation of amplitude histograms for each dataset.

All data were loaded to a Paradigm multi-survey project desktop for analysis. The time-migrated
data two-way-times (TWT) were scaled to depth using constant seismic velocities of 1520 and 2000 m/s
for the water and post-Messinian sedimentary column respectively. These velocity approximations
were established through a comparison of overlapping regions of available depth migrated volumes
and time migrated volumes and 2D profiles transecting them. We estimate the resulting depth errors
to be ±5 and ±10 m for the seafloor and top Messinian (M) horizon respectively. These errors are
approximately identical to the nominal resolution of the seismic reflections from the same depths.
Paradigm’s propagator module was utilized for supervised automatic picking of the seafloor horizon,
yielding a detailed bathymetric map at the resolution of each of the 3D seismic blocks. 3D shaded
relief views of these bathymetric maps (e.g., Figure 5) were used to manually map the distribution of
seafloor pockmarks and additional seafloor features.

Table 1. The seismic datasets used.

Survey/Block Type Acquisition Imaging
Area (km2)
/Length (km)

Spacing (m)

Southern Israel 3D Gebco 2000 Time Migration 1900 12.5 × 12.5
Gal-C 3D Gebco 2000 Time Migration 1400 12.5 × 12.5

Oz 3D Ion-GTX Depth Migration 400 25 × 12.5
Sara-Mira 3D CGG-Veritas 2011 Depth Migration 1350 25 × 12.5

Pelagic 3D CGG-Veritas 2009 Depth Migration 2350 25 × 12.5
TGS-IS209 2D TGS-Nopec 2000 Time Migration 140 12.5
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This study examines the correlation of high amplitude reflectivity identified in the seismic datasets
across the basin (the HASR; Figures 6–8) with the GHSZ modeling results. The distribution of the
HASR within the post-Messinian sedimentary stack was evaluated by two independent methods.
Initially the HASR was manually picked on every 100th inline section and then on every 100th
crossline section throughout each of the 3D blocks. The seafloor and HASR picks were then jointly
outputted and their distributions were plotted using Matlab (Figure S1 in Supplementary Materials).
To verify the correlation revealed, we repeated the process through a more rigorous automatic picking
procedure. A sub-volume was extracted from each of the seismic blocks stretching 5 to 300 mbsf,
eliminating the seafloor reflection above and the Messinian reflection below. The amplitude histograms
of the sub-volumes extracted from each block were calculated, and a scaling factor to normalize
the histograms of the different blocks was determined. Each of the sub-volumes was then loaded
to Paradigm Voxel utility, where the HASR was picked by threshold detection. Following testing
we established the threshold at the top 0.65% of the normalized histogram negative amplitudes tail.
The picks were then converted to multi-valued horizons and outputted to Matlab distribution plots
(Figure 9) and Paradigm spatial plots (Figure 10).

3. Results

3.1. Establishing the Local Environmental Conditions in the Deep Levant Basin

3.1.1. Bottom Water Temperature and Salinity

Bottom water temperatures and salinities of the Levant Basin were acquired from two independent
data sets. The first consists of four vessel-based conductivity and temperature depth (CTD) casts
surveys, collected between the years 2009 to 2012 to water depths >1500 m, and extracted from the EU
PERSEUS consortium on-line repository [90]. The second data set consists of underwater remotely
operated vehicle (ROV) based CTD measurements collected in the course of E/V Nautilus 2011 survey
offshore Israel [69].

Figure 2. Seawater salinity (a) and temperature (b) profiles, measured in various locations in the
EMS by CTD casts in the course of four different cruises (6901084-06/2012-red, 6901043-09/2012-green,
6900850-10/2011-purple, 6900794-01/2009-azure; from [90]) and during EV Nautilus 11/2011 ROV
survey ([69]; blue). (c) A zoom of the in situ temperature profiles (b) in the water depth range of 0.5 to
2 km.
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These datasets combined constrain water body salinities in the range of 38.74 to 38.83%� between
water depths of 800 to 2000 m (Figure 2). We therefore used an average salinity of 38.80%� for the
Levant Basin GHSZ model. The temperatures measured at the sea surface show sub-annual variability
in the range of 16 ◦C to 28 ◦C (Figure 2). However, at a water depth of 800 m, constituting the top of the
EMS deep water mass [91], water temperatures converge to a constant value of ~13.69 ◦C. The water
temperature then increases at a rate of 0.015 to 0.02 ◦C per 100 m of water depth to in situ water
temperatures of ~13.94 ◦C at a water depth of 2000 m. We therefore used a mean water temperature
value of 13.80 ◦C for the deep water mass. This is the actual permanent temperature at the water depth
interval of 900 to 1400 m. The values constrained here are consistent with other published values for
the Levant region (e.g., [27,92,93]).

3.1.2. Sediment Salinity and Geothermal Gradient

As no data is currently published on pore water salinities in the Levant Basin seafloor, we used
the same bottom water value of 38.8%� also for the sub-seafloor salinity. This is probably a reasonable
approximation considering a relatively high seawater content within the bottom sediments. Moreover,
sensitivity tests (discussed below) demonstrate that the possible effects of salinity mis-estimations on
our modeling results are minor.

The sediment temperature was calculated based on a constant seafloor temperature of 13.8 ◦C
and a linear increase with depth amounting to the geothermal gradient. Published estimations of
the geothermal gradient in the Levant Basin range between 20 to 37 ◦C/km, constituting the lower
and upper bound estimates respectively. [94] used seafloor measurements to estimate geothermal
gradients of ~37 ◦C/km at two stations within the Levant Basin. In contrast, [95] estimated based on the
bottom-hole temperatures from several onshore wells as average geothermal gradient for northern and
central Israel in the range of 22 to 25 ◦C/km. [96] estimated a vertical geothermal gradient in the range
of 20 to 26 ◦C/km for the northern inland and offshore areas of the Nile fan. Their study is based on
temperature data from 48 wells located adjacent to our study area. [97] estimated an average vertical
geothermal gradient in the range of 20 to 30 ◦C/km based on temperature logs from wells in southern
Israel. Most recently [86] suggested the average geothermal gradient of 28.5 ◦C/km, measured in the
Yam-1 and Yam-2 wells in the southeastern margin of the basin (Figure 1), as an estimate for the Levant
Basin geothermal gradient. However, [98] modeled the thermal history of the Levant Basin based on
an interpreted chronostratigraphic framework of the basin and the measurements in four wells along
its flanks (including apparently the Yam wells). In particular, this framework includes the presence
of the ~2 km thick Messinian salt unit within the Basin and its absence in the flaks. Their modeling
predicts geothermal gradients in the ranges between 20 and 28 ◦C/km and 13 and 20 ◦C/km in the
Basin flanks and center, respectively. However, in the lack of published measurements from wells
within the Levant Basin, the validity of these results to our GHSZ modeling is uncertain. It is notable
that, in contrast to the significant impact of salt diapirs on NGH distribution in salt basins, such as the
Gulf of Mexico (e.g., [99–101]), the relatively minor deformation of the Messinian salt in the Levant
Basin is expected to inflict only limited variability on the GHSZ. Considering the high sensitivity of the
GHSZ model to the geothermal gradient, and the uncertainty of its value, we created three versions of
the GHSZ model using geothermal gradients of 20, 28.5, and 37 ◦C/km.

3.1.3. Pressure

Hydrates stability within the sediments depends on the interstitial pore pressure [1], generally
bound between the hydrostatic and lithostatic pressure profiles [102,103]. At relatively shallow
sediment depths of the GHSZ (normally <500 m [104]) in normally compacting basins sediments,
porosity and permeability are generally high and the pore pressure is approximately hydrostatic or
slightly above (e.g., [102,105]). We therefore assume a hydrostatic pore pressure profile in our GHSZ
modeling. This assumption is supported by the pore pressure profile measured in Hanna-1 well,
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located at a water depth of 972 m in the eastern boundary of the study area (Figure 1), showing only a
slight deviation from hydrostatic pressure within <500 m below the seafloor [106].

The hydrostatic pressure in the Levant Basin was calculated as a function of the depth below the
surface using the equations of [107] in the range of 0.1–35.4 MPa. These equations estimate the pressure
within maximal error bounds of 2 kPa, which are equivalent to depth errors <0.2 m. This is a negligible
value in comparison with the water and sediment column depth-range of the GHSZ (>1000 m). These
calculations were evaluated for each of the bathymetric grid cells as described below.

3.1.4. Bathymetry

To model the seafloor bathymetry of the Levant Basin we used a 250 m digital elevation model
based on the bathymetric map of [62]. Across the exclusive economic zone of Israel, the bathymetry
was updated based on a 250 m resolution bathymetric digital elevation model (DEM) released by the
State of Israel, Ministry of Energy [108].

3.2. Electing a GHSZ Modeling Approach for the Levant Basin

To evaluate the adequate thermodynamic conditions for NGH formation, three different models of
the GHSZ were tested [8,109,110]. These models use a phase diagram of solid methane hydrate versus
liquid water and free gas phases (Figure 3). The models presented by [8,109] are empirical models,
using a narrow range of temperature–salinity (T–S) conditions. In contrast, the model presented
by [110] relies on statistical thermodynamics of the pressure–temperature (P–T) equilibrium conditions
for methane hydrate stability and uses a wider range of T–S values.

Figure 3a presents the chemical equilibrium points predicted for the Levant Basin by these
three models as a function of depth (i.e., pressure) and temperature, for a variety of constant salinity
concentrations permitted by each of the methods and noted. The NGH stability zone is represented
by the area below the curve predicted by each model; while above the curve water and free gas
are predicted. The GHSZ is determined by cross-referencing the methane hydrate stability in the
phase diagram with the seafloor bathymetric depth and the geothermal gradient. The results of the
three different models diverge substantially from the Levant Basin conditions (Figure 3a). The results
obtained by the models of [8,109] represent end-member solutions, while the results obtained by
the [110] model fall between them.

Selection of the appropriate modeling scheme for this study is based on the following
considerations: (1) The models by [8,109] are based on experimental data using pressure conditions
that are below those predicted for the relevant depths in the Levant Basin; (2) the model suggested
by [110] considers a salinity of 35.0%�, which is 3.8%� lower than the Levantine average deep water
salinity value; and (3) the use of the CSMHyd software implementation of [110] has become a standard
for predicting GHSZ in related studies (e.g., [111,112]). Particularly, modeling of GHSZ at overlapping
areas in the EMS using CSMHyd was recently performed by [29,65]. The Levant Basin GHSZ is
therefore calculated in the present study based on the algorithms of [110], as implemented in the
CSMHyd software [89].

In practice, CSMHyd was used to calculate the thermodynamic equilibrium pressure lookup
table for temperatures values at increments of 0.02, 0.0285, and 0.037 ◦C, corresponding to the tested
geothermal gradient, for pure methane hydrates and the EMS salinity. Then a Matlab code was used
to search for the base GHSZ depth, by recursively calculating the pressure and temperature below
the bathymetric depth. These were calculated based on the hydrostatic and geothermal gradients
at a depth increment of 1 m, until the calculated equilibrium conditions were reached. The process
was repeated for every point in the bathymetric DEM of the Levant with water depth >1250 m and
the different geothermal gradients considered, yielding modeled maps of the base GHSZ (Figure 4).
Finally, the modeled maps were loaded to the Paradigm Epos software and plotted over the seismic
data to be compared with the trend of the observed seismic anomalies.
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Figure 3. A comparison of modeled methane hydrate stability curves. (a) The equilibrium curves
predicted by the different modeling schemes considered in this work [8,109,110] under different
constant salinity conditions (as color-coded at the top). (b) The effect of different temperature gradients
(color-coded as noted) on the depth below the seafloor of the base gas hydrate stability zone (GHSZ)
predicted by CSMhyd [89] with a constant salinity of 38.8%�, as a function of the seafloor water depth.

3.3. Model Sensitivities

Potential uncertainties in the modeling performed in this study might be introduced by the
modeling methodology. Based on comparison with a large set of published experimental data of
salt-inhibited hydrates stabilities, [110] evaluated CSMHyd modeled pressure (and therefore depth)
predictions absolute errors at ~15%, which is unacceptable. However, these uncertainties cannot be
attributed to CSMHyd alone, as they necessarily incorporate the experimental data measurement errors.
These measurement errors are symmetrically distributed around CSMHyd’s predictions, and therefore
may be averaged out [112]. Moreover, a divergence of the predicted and modeled values appears
to be associated with larger temperatures and pressures than considered in this study (e.g., Figure 4
in [113]). In addition, the reliability of CSMHyd predictions was verified in a variety of studies,
by their correlation with geophysical, well-log, and experimental results (e.g., [111,112,114–118]).
Particularly, [119] employed a Monte-Carlo style simulation of their modeling uncertainties, which
are similar to the uncertainties in this study (as discussed below), including explicitly CSMHyd 15%
pressure prediction errors. They obtained a combined 1σ (one standard deviation) of most likely error
estimate of ~±20 m at a water depth of 1240 m (Figure S2 in [119]) and decreasing values of the most
likely error at increasing depths. Such uncertainties are acceptable in the context of the first-order
evaluation performed in this study.

Additional errors in our modeling might be introduced by the average estimates and assumed
values of the environmental parameters. Biased estimates of the bottom water temperature and salinity
will affect the estimated water depth to the top of the GHSZ. This is also the seafloor depth at which
the GHSZ pinches out laterally, and therefore defines the spatial extent of the GHSZ. Thus, with the
~1◦ slope gradient of the seafloor in the Levant, any bias on the top of the GHSZ will bias by a factor of
c. ×50 the estimated potential lateral extent of hydrates across the basin seafloor. Similarly, biases in
the interstitial salinity and geothermal gradient would bias the estimated depth below the seafloor of
the GHSZ base. To evaluate the sensitivity of the model to our estimated salinity and temperature
values we varied each of these parameters while keeping the other parameters fixed.
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3.3.1. Water Temperature Effects

Temperature is the main factor affecting methane hydrate formation (e.g., [120,121]). The effects
of water temperature uncertainties on the GHSZ model was evaluated by varying the modeled
temperatures in steps of 0.1 ◦C within the range of 10–15 ◦C, keeping a constant salinity of 38.8%�.
The results show a deepening of the GHSZ top by 4.2 m for every increase of 0.1 ◦C. The in situ
temperature range of the Levant Basin bottom waters, as measured in the CTD surveys and the
Nautilus expedition, is 13.69 to 13.94 ◦C (Figure 2). Thus, the expected temperature variation from
the average temperature value is up to 0.13 ◦C, corresponding to a maximum shift of 5.9 m in the
depth of the GHSZ base and a decrease of the estimated potential lateral extent of hydrates by ~600 m.
This deviation represents error bounds of 0.05% in the modeled water depth on the top of the GHSZ.
These error estimates are negligible in the context of this work.

3.3.2. Salinity Effects

An increase in salt content acts as an inhibitor to the formation of methane hydrate [110], and
therefore would increase the water depth on the top of the GHSZ and decrease the depth of the GHSZ
base beneath the seafloor. The sensitivity of the model results in an error in the estimated water salinity,
which was examined by varying the salinity in steps of 0.25%� in the range of 36.5 to 39.5%�, and by
modeling the GHSZ with a constant water temperature. The results show a weak sensitivity of the
variance in the GHSZ top boundary to the change in salinity. The slope of the salinity versus depth
curve predicts a variance of 1.66 m in the depth of the GHSZ top for every shift of 0.25%� in salinity.
Consequently, a maximum error of 0.4 m, representing a deviation of 0.3%�, is introduced to the model
by averaging the in situ salt concentrations of the Levant Basin bottom water values in the range of
38.74 to 38.83%� (Figure 2).

3.3.3. Geothermal Effects

In order to determine the model sensitivity to different geothermal gradients, we modeled the two
endmember models with the 20 and 37 ◦C/km geothermal gradients, and the in-between model with
the 28.5 ◦C/km geothermal gradient (Figure 3). Changing the geothermal gradient does not change
the top of the GHSZ, which is within the water body and therefore independent of the geothermal
gradient (e.g., [8]). However, the different geothermal gradients result in significant deviations of
the base of the GHSZ. The geothermal effect is best reflected in the differences between the different
modeled base of GHSZ curves in Figure 3b. The depth of the base GHSZ at a water depth of 1800 m
ranges between ~150 m under the low geothermal gradient of 20 ◦C/km, ~110 m calculated under the
medium geothermal gradient of 28.5 ◦C/km, and ~85 m calculated under the high geothermal gradient
of 37 ◦C/km. This paper discusses therefore the implications of these three alternative geothermal
gradient models.

3.4. The Modelled Distribution of the GHSZ in the Levant Basin

Integrating the Levant pressure–temperature–salinity parameters into the model of [110] reveals
that the GHSZ stretches widely across the Levant Basin (Figure 4). An initial estimate for the potential
gas hydrates occurrence zone (GHOZ) (e.g., [1]) is provided by the sub-seafloor thickness of the GHSZ.
Figure 4a,b presents the potential GHOZ thickness calculated and mapped for two of the alternative
geothermal gradient estimates discussed above, namely the 20 ◦C/km and 28.5 ◦C/km geothermal
gradients, respectively. A comparison between these maps (Figure 4a,b) provides an insight to the
possible uncertainty in the implications of our modeling. The top of the GHSZ is located in both cases
at the water depths of 1250 m, which limits the extent of the GHSZ to the northwestern two thirds
of the basin. The thickest potential GHOZ is observed within the Cyprian trench at water depths
of up to 2700 m, and it gradually thins to the south and east. The constrained depth to the base of
the GHSZ (and therefore the potential thickness below the seafloor of the potential GHOZ) in the
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Levant is highly dependent on the geothermal gradient assumed, as discussed above. The base of
the potential GHOZ at the deepest part of the study area is 431 and 260 m below the seafloor for the
two alternative geothermal gradient estimates of 20 ◦C/km and 28.5 ◦C/km, respectively (Figure 4).
The median modeled thicknesses of the potential GHOZ within the Levant Basin are ~200 and ~150 m
respectively, when applying the same geothermal gradients.

Figure 4. The model predicted the extent and thickness (color coded on the right) of the potential gas
hydrates occurrence zone (GHOZ) below the Levant Basin seafloor (plotted with UTM coordinates
in km). (a) The GHOZ estimated by the sub-seafloor part of the GHSZ under a geothermal gradient of
20 ◦C/km. (b) The GHOZ estimated by the sub-seafloor part of the GHSZ under a geothermal gradient
of 28.5 ◦C/km. (c) The GHOZ, estimated from the GHSZ under a geothermal gradient of 28.5 ◦C/km
and top bound 25 m below the seafloor, as inferred from the presence of the shallow high amplitude
seismic reflectivity (HASR) (see Section 4.5 text). This map constitutes our conservative estimate for the
potential GHOZ in the Levant Basin.

3.5. Seismic Evidence for the Presence of Gas and Hydrates in the Southwestern Levant Basin

Considering the wide distribution of the GHSZ within the Levant Basin, the presence of hydrates
is mainly conditioned on the presence of methane within the sediments. As pervasive sampling of the
Levant sub-seafloor sediments is lacking, we seek preliminary evidence for the presence of methane
through the analysis of an extensive set of available 3D seismic data.

3.5.1. Pockmarks in the Southeastern Levant Basin

Precise picking of the seafloor reflection in the 3D seismic volumes allows a detailed search for
bathymetric features commonly associated with the presence of gas. Analysis of the high-resolution
bathymetry available across the 3D seismic blocks identified the Palmahim disturbance fold crests
group consisting of seven oddly shaped pockmark clusters measuring hundreds of meters across
(Type-A; Figure 5); and a total of 160 smaller pockmark structures ranging in diameter between 50 to
150 m (Type-B; Figure 5). While a few of the identified pockmarks may represent errors in the seafloor
maps, the majority of the features are robustly mapped and identified. The pockmarks are identified
only in the Southern Israel, Gal-C, and Oz seismic surveys covering the base of the continental slope of
southern Israel and the adjacent eastern part of the deep sea fan of the Nile region (Figures 1 and 10).
The pockmarks were detected in water depths of 1000 to 1300 m, and 90% of them are concentrated in
four large clusters. Three of the clusters, which include 70% of the identified pockmarks, are located
around a water depth of 1200 m, closely corresponding to the top of the GHSZ at 1250 m. Two of
the clusters are located in the Nile deep sea fan region, and the other two (including the Palmahim
Disturbance group) are located at the base of the continental slope of southern Israel.
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3.5.2. Characteristics of Seismic Reflectivity in the Southern Levant Basin

A variety of reflectivity patterns characterize the top (post-Messinian) sedimentary section below
the seafloor of the southeastern part of the Levant Basin, as imaged by the pervasive seismic dataset
investigated in this work. The continental margin of Israel, in the eastern part of the investigated area,
is characterized by relatively continuous and generally moderate amplitude reflections interleaved
with chaotic intervals (Figures 6 and 7). The latter representing mass transport complexes (MTC).
This westward thinning, regionally up to ~6◦ dipping sedimentary section, was described in detail
by [122], was based primarily on the Southern Israel 3D seismic volume. The top sedimentary section
of the Nile submarine fan, to the west of the Israeli margin, was described by [46,47] based on detailed
investigations of the Gal-C 3D seismic volume. The seismic reflectivity in this area (Figures 6–8) is
characterized primarily of locally segmented and dipping sets of reflections, representing channel
levee complexes, embedded between coherent packages of locally continuous sub-parallel reflections,
representing layered hemi-pelagic sediments. Intervals of chaotic reflectivity correspond to MTCs.
This entire sedimentary package gently thins northward, and is folded and truncated by numerous
thin-skinned sin-depositional halokinetic faults and ~100 m high folds. The bottom ca. third of
this sedimentary stack, above the prominent M reflection, is generally characterized by relatively
continuous high-amplitude reflections. Above this unit and up to ~100 m below the seafloor the section
is generally characterized by moderate to low amplitude reflections.

Figure 5. A 3D shaded relief view of the high-resolution bathymetry, extracted from the Southern
Israel 3D seismic data, across the southern part of the Levant channel within the Southern Israel block
(see Figure 1 for position), viewed from the northwest. The pockmarks observed are classified into two
types based on their sizes and morphologies. Type-A are oddly shaped large (hundreds of meters) scale
pockmarks, while Type-B are generally rounded pockmarks ranging in diameter between 50 to 150 m.
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Figure 6. Seismic time migrated section A-A’ (Figure 1) of the Southern Israel 3D data. The yellow
dashed line represents the base GHSZ modeled with a thermal gradient of 28.5 ◦C/km on the regional
bathymetric digital elevation model (DEM), while green dots represent the automatic HASR picks.
(a) The full extent of the section down to the top of the Messinian evaporites (M). (b) A zoom on
the rectangle in (a), showing the positions of ROV-surveyed active methane seepage site at the top
pockmark of Palmahim disturbance and in the Levant Channel [69–71,84] and the Shallow HASR. (c) A
zoom on the Levant channel area (the rectangle in (b)) showing the segmented appearance and mostly
negative polarity of the HASR.
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Figure 7. Seismic time migrated section B-B’ (Figure 1) of the TGS IS-2069 2D profile. The yellow
dashed line represents the base GHSZ modeled with a thermal gradient of 28.5 ◦C/km, while green dots
represent the automatic HASR picks. (a) The full extent of the section down through the Messinian
evaporites. (b) A zoom between 1780 to 2500 ms TWT in (a) showing the Shallow and Deepening
HASR within the post-Messinian section. (c) A zoom on the rectangle in (b) depicting the truncated
appearance and changing polarity of both the Shallow and Deepening HASR.
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Figure 8. Seismic depth migrated section C-C’ (Figure 1) of the Pelagic 3D data. The yellow dashed line
represents the base GHSZ modeled with a thermal gradient of 28.5 ◦C/km, while green dots represent
the automatic HASR picks. (a) The full extent of the section down to the top of the Messinian evaporites
(M). (b) The same as in (a) with an overlay of the automatic HASR picks (green dots). (c) A zoom on the
rectangle in (b) depicting the truncated appearance and mostly negative polarity of both the Shallow
and Deepening HASR.

A discontinuous band of segmented and scattered anomalously high-amplitude reflectivity
(the HASR) is consistently observed within the top of the sedimentary stack, down to >100 m beneath
the seafloor, throughout the Nile deep sea fan domain of the southeastern Levant Basin (Figures 6–8).
Much of the HASR display clear reversed polarity with respect to the seafloor reflections (e.g., white
primary phase in Figures 6c, 7c and 8c), which usually implies a reduction in the seismic impedance
across the sub-surface reflector. However, in many cases the HASR polarity is normal (the same as the
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seafloor, e.g., Figure 8c), or indistinguishable and laterally changing (e.g., Figure 6c). These changes
in the polarity of the HASR do not seem to consistently represent certain datasets, or distinct ranges
of water or sediment depths. High-amplitude reversed polarity reflectivity, similar to the reverse
polarity HASR, is commonly considered as a direct indication for the presence of free gas within the
sediments, while hydrates are commonly expected to be associated with normal phase high amplitude
seismic reflectivity (e.g., [24]). However, similar reflectivity characteristics may alternatively represent
abrupt changes between lithologies, physical integrities (e.g., porosities), or the impact of thin layers
tuning (e.g., [24]). The HASR appears as anomalous segments within more continuous moderate
amplitude reflections, or as separate reflectivity phases (Figures 6–8). Segments of the HASR extend
~0.1 to several kilometers horizontally, and predominantly one, but sometimes up to several, seismic
reflectivity phases (i.e., tens of meters) vertically. Neighboring segments are frequently vertically offset
by up to several tens of meters with respect to each other; and in many cases, segments extend parallel
to each other. Zones of amplitude wipe-outs (seismic amplitude blanking) extend in places hundreds
of meters below the HASR concentrations, presumably the effects of seismic scattering and pronounced
attenuation at the HASR levels. In general, no HASR is observed below the seafloor of the Israeli
continental margin, with the exception of the folds at the western end of the Palmahim disturbance
and their vicinity (Figures 1 and 6). The active methane seeps discovered within large-scale pockmarks
at the crests of these folds [69–71] are underlain by pronounced high amplitude and reverse polarity
reflections, just (<10 m) beneath the seafloor (Figure 6). These reflections and additional reflectivity
segments observed beneath the slopes of these folds to the west of the pockmarks, appear to represent
a prolongation of the Nile deep sea fan HASR. Below water depths of 1400 to 1500 m the HASR
band becomes less distinct and appears to extend deeper (down to ~200 m) into the sedimentary
section (Figures 7 and 8). Below water depths of >1500 m the HASR appears to separate into two
branches: the first remains relatively coherent and limited to <100 m below the seafloor, while the
other is characterized by localized enhancement of reflections of the moderate and higher amplitude
sequences discussed above. This deeper branch of the HASR is sometimes harder to distinguish from
the deeper higher amplitude reflections. However, in places it is distinctly apparent, mainly where
amplitudes increase along a reflection and then abruptly diminish to a moderate amplitude reflection
(Figures 7 and 8).

3.5.3. Vertical Distribution of the HASR

To assess the relation of the HASR with the possible presence of NGH in the southeastern
Levant Basin we evaluate the spatial distribution of the HASR and compare it to the GHSZ modeling
predictions. This evaluation was done first through manual picking and then repeated through
automatic threshold detection of high amplitude negative phase reflections, representing the HASR,
throughout our combined seismic dataset (as detailed above). Figure 9 displays the distribution
of the automatically detected HASR in depth within the sediments (depth below the seafloor) as a
function of the water depth, and compares it to the modeled depths below the seafloor of the base
of GHSZ. This plot lumps together the different surveys representing a wide range of water depths
and geological settings across the continental slope of Israel and the deep sea fan of the Nile. Figure 9
also compares the statistics of the HASR picks to the statistics of the entire dataset, inspecting for
possible biases of the picking results by the depth distribution of the available data. This plot shows
substantial data coverage through the water depths range of 900 to 1900 m, albeit with most of the data
covering the water depth range between 900 to 1600 m (primarily around 1200 m). Thus, distribution
of the picks is probably over emphasizing the distribution of the HASR around the water depth of
1200 m and under-emphasizing the distribution of the HASR at water depths >1500 m. Considering
these reservations we suggest that the trends observed in Figure 9 are significant. We note that the
HASR picking represents only the highest amplitudes of the HASR, above the threshold selected for
the automatic picking. In practice, the HASR phenomenon is more widely spread in the seismic data,
as observed by us during the manual inspection and picking.
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Figure 9. The distribution of automatic HASR picks with respect to the seafloor water depth and the
sediments depth below the seafloor. The color scale (right) represents the relative density of picks,
i.e., the number of picks found in every 1 × 1 m bins. Overlain curves are the base GHSZ models for
geothermal gradients of 20 ◦C/km (red), 28.5 ◦C/km (black), and 37 ◦C/km (green). The Shallow and
Deepening HASR clusters are evident as distinct trends of high picks distributions. The histogram at
the bottom shows the total number of positions (traces) in the seismic data (light gray) and the number
of automatic HASR picks in 100 m intervals of the seafloor depth. This histogram demonstrates the
validity of our picks distribution.

The HASR picks plotted in Figure 9 combine three clusters in accordance with the general
observations of the HASR described above. The first cluster trends sub-parallel to the seafloor
throughout the water depths >1000 m, while essentially no HASR picks were detected at water depths
<1000 m. Between water depths of ~1000 to 1350 m this cluster is distributed primarily between 25
to ~120 m below the seafloor. The HASR in this population trends slightly to shallower sediments
depths (beneath the seafloor) with increasing water depth, which is expressed in three ways: (1) The
top boundary of the picks starts at a sediments depth of 40 m at the water depth of 1000 m, and ascends
to a sediments depth of 25 m at a water depth of 1350 m; (2) high density patches of HASR picks are
centered around the sediments depth of 70 m at the water depth range of 1050 to 1150 m, and around a
sediments depth of 55 m at the water depths of 1200 to 1300 m (Figure 9); (3) the bottom boundary of
the HASR ascends from a sediments depth of 90 to 150 m as the water depths increase between 1000 to
1350 m respectively, although this trend is characterized by a high scatter (Figure 9). In the water depth
range of 1350 to 1900 m the first cluster of picks continues trending at a generally constant depth below
the seafloor (Figure 9). The top boundary of the picks is generally 25 m below the seafloor, except for
the several limited patches of picks appearing at shallower depths (Figure 9). The bottom boundary
of this part of the first cluster is between 50 and 60 m below the seafloor. This first cluster of picks is
referred to as “Shallow HASR” hereafter.

136



Geosciences 2019, 9, 306

A second cluster of picks branches down from the Shallow HASR around the water depth of
1400 m (between water depths of 1300 and 1500 m) and a sediments depth of ~60 m, and trends to
higher sediments depths with increasing water depths (Figure 9). The upper boundary of this cluster
deepens to a sediment depth of 100 m at a water depth of 1900 m. A general lack of picks clearly
distinguishes this cluster at water depths >1500 m from the Shallow HASR above. The majority of
HASR picks in this cluster are concentrated between water depths of 1350 to 1670 m, with a more
sporadic distribution continuing along the same trend to deeper water. This reduction in the density of
the picks is probably at least partly reflecting the significant reduction in the distribution of available
data covering this water depth range. Overall this cluster trends from 60 to 125 m below the seafloor
(Figure 9). The bottom boundary of this population is not distinct as that of the upper HASR and is
determined mostly by the decline in picks density with depth (Figure 9). This second cluster of picks is
referred to as ”Deepening HASR” hereafter. An additional low-density cluster of HASR picks appears
at water depths of 1200–1650 m, extending to a sediment depth of 300 m. This low density cluster
does not display a consistent orientation and is detached from the main populations described above.
This third cluster of picks represents to a great extent the lower unit of the sedimentary stack described
above (e.g., Figure 6a), which is characterized by generally relatively continuous high-amplitude
reflections. Owing to the deepening of the seafloor, this unit crosses from 200 to 300 m sediments
depth at a water depth of ~1300 m, to a depth <100 at water depths >1600 m. Note however, that the
Deepening HASR is represented by a substantial increase in picks density, and its trend clearly cuts
through the lower reflective sedimentary unit, represented by the third low density cluster of picks
(Figure 9).

Overlaying the HASR distribution with the modeled base-GHSZ depth curves (Figure 9) reveals
that the trend and projected intercept of the Deepening HASR cluster is generally matched by the
curve modeled with the 20 ◦C/km geothermal gradients, while the curve modeled with the 28.5 ◦C/km
geothermal gradient appears to bound the upper extent of the Deepening HASR. This is verified also
by overlaying the depths, predicted by the 28.5 ◦C/km geothermal gradient curve and bathymetric
DEM, on the seismic data (Figures 6–8). The resulting depth curve generally matches the upward
truncations of the imaged HASR segments. Thus, there is a viable match between the HASR trend and
a reasonable estimate of the base of GHSZ in the Levant Basin.

3.5.4. Spatial Distribution of the HASR

Map plots (Figure 10) reveal that the spatial distribution of HASR picks is uneven. The Shallow
HASR is found in the deep sea fan of the Nile region, and is absent from the continental slope of
Israel except for the tow region of the Palmahim disturbance. The Shallow HASR picks are mostly
concentrated in patch sets reminiscent of foliage. Overlaying the distribution of the Shallow HASR
with the bathymetry (Figure 10) reveals that the foliage-like patterns are aligned along the turbidite
channels etched into the current seafloor and are branching downstream from them. Within each patch,
the HASR picks depths below the seafloor are highly scattered, reflecting the laterally discontinuous
nature of the HASR described above.

The distribution patterns of the Deepening HASR are reminiscent of the Shallow HASR patterns,
but the spatial distributions across the basin of the two are considerably different. The Deepening
HASR is mostly found in the western part of Sara-Mira and Pelagic 3D seismic surveys, as well as in
the western part of the TGS 2D line (Figures 1 and 6, Figures 7 and 8). The deeper Deepening HASR are
distributed at the top of the relatively high amplitude unit discussed above (Figures 6–8), where they
appear as discontinuous patches mostly limited to the elevated anticlinal parts of folding structures.
A small portion of the picks is also sparsely distributed within the high amplitude unit (Figures 6–8).
Yet, these picks do not show any continuity and cannot be attributed to a specific reflecting horizon of
this unit. Minor occurrences of the Deepening HASR are recognized also in the deeper parts of Gal-C,
Sothern Israel, and Oz surveys, where the rare picks mainly appear along the surface of meandering
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channel paths around the paleo-channel canyons and in close proximity to faulted or folded structures
(Figure 10).

Figure 10. (a) A shaded relief map of the southeastern part of the Levant Basin bathymetric DEM [62,108]
overlaid with the spatial distribution of the HASR automatic picks and pockmark clusters within the
different 3D seismic blocks analyzed. Black dots mark the Shallow HASR, while blue dots mark the
Deepening HASR. Red ellipses mark the location of pockmark clusters. This figure demonstrates the
wide distribution of Shallow HASR picks across the Levant Basin; the concentration of pockmark
clusters between water depths of 900 to 1300 m across the deep fan of the Nile; and the distribution of
the Deepening HASR at water depths >1300 m. (b) A zoom on the Pelagic 3D seismic block with the
pronounced shading of the bathymetry (enhanced gray scale) overlaid with the automatic picks of the
Shallow HASR (red). This figure demonstrates the relation between the Shallow HASR and seafloor
channels of the Nile fan.

4. Discussion

4.1. The GHSZ in the Levant Basin

The main purpose of this study is to review possible evidence and constrain the potential for the
presence of NGH in the Levant Basin, southeastern Mediterranean, notwithstanding the current lack
of direct evidence. For this purpose, we modeled the GHSZ in the Levant Basin based on the local
thermodynamic conditions and salinity of the bottom water and interstitial pores in the sub-seafloor
sediments. The bottom seawater conditions are relatively well constrained by data and therefore the
definition of the top of the GHSZ to 1250 ± 5 m water depth is robust. This modeled top of the GHSZ is
consistent with the shallowest water depth in which NGH occur in the Anaximander region, at a water
depth of 1264 m at the summit of the Thessaloniki mud volcano [63,64]. [63] argued that this occurs at
the top boundary of their modeled GHSZ, considering very similar local thermodynamic conditions to
those used in this study. [65] observed the disappearance of the hydrates coating at a water depth of
1350 m, and estimated the top of the GHSZ in the western submarine fan of the Nile as 110 m deeper
than our estimate for the Levant. This inconsistency may be explained by possible slightly elevated
water temperature, and by the different gas composition in the cold seep sampled by [65].

The intersection of the modeled top of GHSZ with the bathymetry outlines the spatial extent of
the potential GHOZ (Figure 4). The GHSZ stretches over more than half of the Levant Basin seafloor,
constituting the vast majority of its central and northern parts. With the shortage of reliable data,
approximations had to be made for the geothermal, pressure, and salinity profiles within the seafloor
sediments. Yet, supported by indirect evidence and sensitivity analyses we argue that the modeled
GHSZ presented here provide useful first-order approximated bounds of the possible distribution of
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NGH in the Levant Basin. The differences between the alternative maps of Figure 4a,b probably offer
an over estimation of the uncertainty bounds in determining the depth below the seafloor to the base
of the GHSZ. We suggest that the model calculated with a geothermal gradient of 28.5 ◦C/km (Figure 4)
provides a conservative estimate of the depth to base of the GHSZ in the Levant Basin.

4.2. Methane and Hydrates in the Levant Seafloor Sediments

The actual in-place occurrence of NGH within the GHSZ is dependent on the availability and
steady flow of methane gas within the sediment (e.g., [123]), and on the storage capacity of the
sedimentary medium (e.g., [124]). The presence of an active gas system within the Levant Basin
seafloor sediments is indicated by two main lines of evidence: direct evidence for seafloor gas seepage
and geophysical indicators for the potential presence of gas.

4.2.1. Direct Evidence for Gas Seepage at the Seafloor

The multiple direct observations of active seafloor gas seeps within the perimeters of the Levant
Basin [68–71,84] were all documented within a water depth range of 1000–1200 m, while the upper
bound of the modeled GHSZ is at a water depth of 1250 m. Consequently, our model of the GHSZ
in the Levant does not directly link the observed gas seeps and the possible upward percolation of
methane from NGH within the GHSZ. Such a connection would require significant upslope lateral
flow of methane. A possible indirect evidence for shallow gas emission is presented by the occurrence
of pockmarks across the seafloor, as mapped based on the analyzed 3D seismic surveys (e.g., Figures 5
and 10). These pockmarks appear to be limited to a water depth range of 1000–1300 m (Figure 10),
correlating well with the spatial distribution of the edge of the modeled GHSZ and suggesting a
possible tunneling of free methane gas along the base of the GHSZ toward its edge. Tunneling of
methane to the edges of the GHSZ is attributed to the base of the GHSZ functioning as a seal that
prevents gas escapes and tunneling the gas toward the GHOZ pinch out (e.g., [2,23,125]). Additionally,
the pockmarks depth distribution might represent a record of the shift of the top of the GHSZ, and
therefore the migration of the pinch out of the GHOZ to deeper water. The warming event at the end
of the last glacial period, ~14.5 ka, was estimated to have raised the bottom water temperature in
the Western Mediterranean by ~4 ◦C [126]. Assuming accordingly ~4◦C cooler bottom waters in the
Levant Basin (being ~10 ◦C) at ~14.5 ka, the modeled top of the GHSZ would occur at a water depth
of ~890 m. This estimate is also consistent with the results of [29]. Phase delays between faster sea
level changes [127] and slower warming of the Levant bottom water, such as suggested for the Arctic
Ocean by [111], may have further facilitated the formation of NGH deposits and their subsequent
destabilization. These processes may have resulted in enhanced gas release and seepage along the
retreat path, and formed the observed pockmarks and authigenic carbonates. This, however, remains a
hypothesis until the ages of seepage and carbonate precipitation are constrained.

4.2.2. The HASR–Evidence for Free Gas and Possibly Hydrates

The second line of evidence for the presence of gas in the seafloor sediments of the Levant Basin
relies on the interpretation of the distinct HASR imaged off the deep-water shallow sediments of the
studied area. We suggest that the HASR is associated with the presence of free gas, and possibly
in at least some of the region with hydrate accumulations, within the upper sedimentary section.
The correlation of high amplitude seismic reflectivity and underlying seismic amplitude blanking
with subsurface gas bearing intervals is a commonly observed result of the strong response of seismic
waves to the presence of even minor free gas content (e.g., [103,128]). High amplitude reflections may
also be associated with hydrate accumulations within the GHSZ (e.g., [24,101,129]). Notably, high
amplitude seismic reflections may alternatively represent other sub seafloor features in our study
area, such as the prominent lithological and porosity contrast between shale layers and porous sand
bodies lacking any presence of gas or hydrates. The reverse polarity of much of the HASR indicates
low impedance intervals within the generally clay rich seafloor of the Levant basin, reinforcing the
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suggested presence of free gas (e.g., [117]). The normal or indistinguishable polarity observed in
many of the cases may represent hydrate bearing intervals within the GHSZ, but seems puzzling
outside and below the GHSZ. However, reflection polarities may be elusive due to thin layers tuning
and structural complexities, particularly when the reflectors are segmented or discontinuous. Such
polarity complexities are commonly observed where free gas and hydrates occur within discordant
sedimentary intervals (e.g., [101,129]). In these cases, unraveling the polarity information requires
focused analysis [130], which is outside the scope of this study. A central base for our interpretation
is the unambiguous correlation of seafloor methane gas seepages, which were verified by seafloor
surveying and sampled in the study area [68–71,84], with HASR just below the seafloor (e.g., Figure 5).
Taking together the seismic characteristics with these direct verifications of methane gas seepage,
we argue that at least part of the HASR represents the presence of free methane gas and possibly also
the hydrates within the seafloor sediments. We note that the generation of reflectivity by the presence
of free gas bubbles within the sediments requires methane saturation within the interstitial pore water
(e.g., [131]). Thus, the observation of gas related HASR below the seafloor implies a significantly larger
availability of dissolved methane for the formation of hydrates within the sediments, at least in parts
of the Levant Basin.

4.2.3. The Shallow HASR–Evidence for Shallow Gas beneath the Levant Basin Seafloor

The vertical distribution of the observed Shallow HASR picks cluster is sub-parallel to the seafloor
(Figure 9) and does not appear to depend strongly on the water depth or pressure. Neither does
it appear to match the trend of any of the possible hydrate stability curves. Moreover, it clearly
extends laterally significantly outside of the GHSZ, which is limited by the 1250 m water depth contour
(Figure 10). We therefore suggest that at least outside the GHSZ the HASR represents primarily free
methane gas accumulations in the shallow sub-seafloor sediments. Within the GHSZ region, bounded
by the 1250 m water depth contour (Figure 10), the Shallow HASR may similarly represent hydrate
concentrations. If the HASR represents hydrates then the upper cutoff of the HASR probably represents
the top of the GHOZ, which is usually located tens of meters below the seafloor (e.g., [1,132,133]).
Alternatively, the HASR may also represent the presence of free gas within the upper part of the GHSZ.
Such occurrences of free gas within the GHSZ are indicated by seafloor bubbles emanations in cold
seeps above hydrate bearing intervals [134]. The presence of free gas within the GHSZ have been
suggested based on seismic reflectivity and velocity variations [135,136] as well as cone penetration test
results [128]. In addition, high salinity, measured in boreholes drilled through hydrate bearing regions,
is argued to be the product of free gas supply and hydrates formation within the GHSZ (e.g., [116]).
Some mechanisms suggested for the maintenance of free gas within the GHSZ, which may apply for the
Levant Basin, are: Transient focused flow through structural or lithological pathways (e.g., [116,135]);
local increase of pore water salinities as a result of proximate NGH formation, allowing the stability
of free gas within the GHSZ [114,116]; and low sediment permeability resulting in insufficient water
supply for NGH formation to the zone containing free gas [128].

Whether the Shallow HASR represents free gas or NGH, both alternatives imply that the saturation
of dissolved methane is exceeded in the interstitial pore water at their level [110]. The shallow cut-off
of methane saturation in the marine environment, and therefore presumably also the top of the
HASR distribution, is generally constrained by anaerobic oxidation of methane (AOM). The AOM is
maintained below the sulfate methane transition zone (SMTZ) by balanced diffusion fluxes of methane
from the saturated zone and sulfate from the seafloor (e.g., [137]). Reference [138] showed that the
depth below the seafloor to the top of the free gas zone can be used to estimate the upward flux of
dissolved methane, given in situ methane solubility (saturation). To examine the possibility of our
interpretation of the HASR as related to methane free gas or hydrates, we followed the approach of [138]
in estimating the upward methane flux based on the upper cutoff of the Shallow HASR distribution
25 m below the seafloor (see detailed derivation in the Supplementary Information). Based on [139,140]
and the same thermodynamic conditions used in our GHSZ modeling we estimate that the methane
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solubility, related with the top of the Shallow HASR, is between 0.98 and 1.03 mmol, depending on the
water depth. To estimate the balance of sulfate and methane fluxes at the SMTZ we assumed negligible
methane production between the HASR and seafloor and linear concentration gradients. The resulting
estimated methane fluxes are 9 to 20 mmol·a−1·m−2, corresponding to water depths rage of 1200
to 2000 m. These results are in agreement with the SMTZ distribution models and methane fluxes
reported from NGH provinces across the globe, ranging between 20 and 250 mmol·a−1·m−2 [141–147].
Thus, these results support our interpretation of the seismic HASR as representing free gas or in-place
NGH concentrations, both of which support the possible occurrence of NGH deposits within the
modeled GHSZ.

The essentially exclusive occurrence of the Shallow HASR in the Nile deep sea fan (Figure 10) and
their clear correlation with seafloor channels suggests a genetic relation between these phenomena. [46,47]
demonstrated that the upper sedimentary section within the eastern deep sea fan of the Nile is composed
of densely spaced relatively sand rich channel-levee complexes, encased within hemipelagic sediments.
We suggest that these relatively sand rich bodies constitute localized reservoirs of free gas, and possibly
also NGH, represented by the Shallow HASR. The foliage like pattern of the Shallow HASR, diverging from
the current seafloor channels, suggest that the primary reservoirs for the Shallow HASR are paleo-lobes,
associated with these channel systems, buried tens of meters below the seafloor. The scattered nature
of the HASR within the observed patches probably represent the complexity of the channel-levee-lobe
systems (e.g., as discussed by [148]) and their truncation by recent salt tectonics (as discussed by [46]).
Similar associations of scattered free gas and hydrate accumulations with buried relatively sandy channel
systems, and the observations of a diffuse BSR, have been reported from various large river deep sea
fans. Examples are the Congo River [149], Godavari River [150,151], and the Pearl River [129].

4.3. The Deepening HASR–a Distributed BSR in the Levant Basin (?)

The locus and trend of the Deepening HASR picks cluster, mapped in the study area, appear to be
approximately bounded by the modeled base-GHSZ with the 20 and 28.5 ◦C/km thermal gradients
(Figure 9). The identification of the Deepening HASR on the seismic sections may appear somewhat
arbitrary (Figures 7 and 8), as the picked phases appear is some cases to be conformal with the generally
relatively high amplitude reflections of the lower sedimentary unit in the study area. Indeed, picks
scattered below the Deepening HASR and toward shallower water-depths do detect reflections within
that layer. However, the Deepening HASR cluster represents an order of magnitude larger community
of picks that are concentrated along this trend, demonstrating that it is subjectively anomalous with
respect to the rest of the unit. A more careful inspection of the sections (Figures 7 and 8) reveals
the clear intensification of reflection amplitudes as they approach the Deepening HASR alignment
(approximately demarcated in the figures by the overlaid base GHSZ modeled curves). Moreover, the
pronounced amplitude reflections associated with the Deepening HASR commonly appear truncated
in the upward direction, but in many cases can actually be traced farther with diminished amplitudes.
Taking together the first-order match between the GHSZ model and the Deepening HASR, and their
observed characters, we suggest that the Deepening HASR constitutes a segmented and distributed
BSR, one of the primary indicators for the presence of NGH. Thus, the Deepening HASR is suggested
to represent the presence of free gas trapped below the base of the GHSZ and possibly also hydrates
deposited at the lower part of the GHOZ. The distributed nature of the Deepening HASR probably
results from the distribution of free gas and hydrates in localized relatively sandy channel lobe systems
(as discussed above for the Shallow HASR), the truncation of the lower unit sandy bodies by salt
tectonics and possible variations of methane supply.
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4.4. The Possible Sources of Methane

Two possible mechanisms may supply methane to the pervasive gas and possibly hydrate systems
proposed here to exist in the Levant Basin. Methane may be supplied by in situ methanogenesis through
bacterial decomposition of organic material (e.g., [152,153]). The methane generated by the bacteria
within the GHSZ is incorporated in the NGH inside the GHSZ, while methane generated outside the
GHSZ may form free gas bubbles. [154] modeled the case of methane diffusion to fine sandy layers
from methanogenesis occurring in the surrounding fine grain intervals containing modest amounts
(<0.5% of dry weight) of organic matter. This mechanism is concluded to be sufficient to supply the
required methane for the formation of the hydrates observed in the Cascadia margin at IODP site U1325.
Alternatively, methane transport through upward fluid flow from lower sedimentary levels may be
important (e.g., [133,153]). In this case, the ascending gas is incorporated into the NGH structure or
remains trapped below the layer of the NGH-containing sediments [1,155,156]. In either case, a possible
source for hydrocarbons production is the abundant organic matter (up to 7%) buried in sapropel
deposits throughout much of the post-Messinian sediments of the deep-water part of the Levant
Basin [157–159]. The evident association of the HASR to the meandering channels and associated
buried lobes may suggest an additional direct contribution of transported organic matter from the
Nile River. Taken together the proximity of organic-rich sapropel units and coarse grain sizes (high
porosity sediments) characterizing the infill of submarine channel-Levee-fan complexes [47,59] provide
both possible sources and reservoirs for gas and hydrate formation and accumulation. The possible
sources for organic matter discussed above, support the possible in situ formation of methane outside,
below, and within the GHSZ. The deep giant gas reservoirs recently found in the Levant Basin [86,87],
or related systems, are also possible gas sources for methane that may have been transported via
migration paths such as faults and folds to the GHSZ. The existence of such migration paths within
the southeastern Levant Basin was suggested by [80,82], but thorough connectivity has not been
demonstrated as of yet.

4.5. Volume Assessment of Potential NGH Deposits in the Levant

Lacking conclusive indications, this study offers only suggestive evidences, raising the possibility
for the presence of hydrates in the Levant Basin. Yet, our combined modeling and observations offer a
first-order assessment of the NGH potential in the Levant Basin, with direct implications on potential
energy resources, geohazard risk estimation, and models related to carbon cycles and its possible
relation with present and future climate-change.

For this first-order assessment of potential NGH resources in the Levant Basin, we take the
simplistic steady state assumption, while noting [123] discussion of the deficiencies of this assumption.
In that case, NGH may form throughout the sedimentary column within the GHOZ, constrained by
the isopach between the seafloor bathymetry and our modeled base GHSZ (Figure 4). Assuming that
the intercept and trend of the Deepening HASR (Figure 9) represent a segmented and distributed BSR,
the fit of the modeled base of the GHSZ curves with this trend constrains the relevant geothermal
gradient between 20 to 28.5 ◦C/km within the post-Messinian sediments of the Levant Basin. Larger
geothermal gradients, toward the 37 ◦C/km end member geothermal gradient, are not in agreement
with the Deepening HASR being aligned with the base of the GHSZ. Thus, a maximum estimate of
NGH potential is constrained by the map that was modeled using the lower geothermal gradient end
member of 20 ◦C/km (Figure 4), while a more modest estimate is constrained by the map calculated
with the higher 28.5 ◦C/km geothermal gradient (Figure 4). Consumption of methane at the SMTZ
reduces its saturation, inhibiting the possible formation of NGH [141]. Thus, discarding the top of
the sedimentary section, above the top cutoff of the Shallow HASR cluster, defines presumably a
more reliable estimate of the sedimentary column available for hydrate accumulation i.e., the GHOZ.
This estimate of the GHOZ is represented by the thickness map of Figure 4c with a total volume of
~3250 km3. The geothermal gradient of the Levant Basin (20 to 28.5 ◦C/km [86,94–97] is expected to be
lower than in the adjacent Herodotus Basin and the Cypriot arc regions [160–162]. Thus, the GHOZ
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thickness map, which is based on the Levant Basin parameters, is expected to be less accurate toward
these areas.

The discussion above suggests that hydrates in the Levant are primarily concentrated within
relatively sandy channel-levee-lobe complexes. Based on our partial mapping of these silty to sandy
bodies (Figure 10), we estimate them to occupy only ~3% of the sedimentary volume defined by
Figure 4c. Considering a lower bound porosity of ~35% and hydrate saturation of ~50% for silt and sand
rich host sediments [2,133] we obtain that NGH occupy on average ~0.5% of the sedimentary volume
within the potential GHOZ (Figure 4c). Thus, considering a conservative NGH to gas yield factor of
~160 [4], the current study provides a first-order conservative estimation of ~100 Tcf (~2750 km3) for the
potential volume (at standard temperature and pressure) of locked methane, and ~1.5 gigatonnes of
carbon in NGH in the Levant Basin. These estimations constitute between ~0.1 to 3%� of the estimated
global NGH methane volumes and carbon content in marine sediments [2,4,5,163].

5. Conclusions

Seafloor gas seepages discovered in recent years in and around the Levant Basin, and sparse
observations of hydrates in the broader EMS context are suggestive of the presence of NGH in the
basin. Motivated by these findings this study combines thermodynamic modeling and analysis of a
pervasive seismic dataset to examine the potential for such a presence.

• Thermodynamic modeling, using the CSMHyd software, robustly constrained by locally measured
southeastern Mediterranean water temperature and salinity profiles reveals that the top of the
GHSZ is at a water depth of 1250 ± 5 m. Intersecting this depth with the bathymetry reveals
that more than half of the Levant Basin seafloor, namely its central to northern part, lies within
the GHSZ.

• Modeling the base of the GHSZ is constrained by the lack of measured sub-seafloor thermodynamic
parameters, and associated uncertainties. The primary modeling uncertainty is related with the
availability and confidence of published sub-seafloor geothermal gradients. Yet, using simplistic
approximations for the thermodynamic parameters yields a useful first-order approximation of
the GHSZ within the Levant. The base of the GHSZ lies at a depth of 150 to 200 mbsf at a water
depth of 1750 m, and may reach a depth of 430 mbsf at the northwestern edge of the studied area.

• Seafloor pockmark clusters observed in our seismic data are concentrated at a water depth of
~1200 m, just upslope from the modeled top bound of the GHSZ and mostly above the deep sea
fan of the Nile. These pockmarks suggest the prominence of seafloor gas in the region, and may
represent a partly ongoing gas seepage episode associated with the presumed downslope retreat
of NGH since the last glacial time.

• Scattered high amplitude seismic reflectivity (HASR) is pervasively distributed beneath the
seafloor across the deep sea fan of the Nile, correlating in several sites with observed active gas
seepages. The HASR is therefore suggested to represent the wide spread presence of free gas, and
possibly NGH, captured within buried distributed channel–levee related sandy/silty units.

• The distribution of the HASR depth beneath the seafloor vs. the water depth bifurcates into
two main clusters. Most of the HASR across the study area cluster between 25 to 100 mbsf,
and sub-parallel to the seafloor. This cluster is suggested to represent shallow free gas, and
possibly hydrates, whose top is bounded by the SMTZ. An additional major HASR cluster trends
to greater sub-seafloor depth with increasing water depth. The trend of this cluster broadly
matches the modeled base of the GHSZ with a thermal gradient between 20 to 28.5 ◦C/km, and
it is therefore suggested to represent a regionally discontinuous BSR beneath the Levant Basin.
The discontinuity is attributed to the distributed nature of channel-lobes systems, into which the
NGH and presumably underlying free gas are accumulated.
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• Taken together, the modeling results and seismic analysis suggest the probable presence of NGH
in the Levant Basin, within confined lithological bodies across the deep sea fan of the Nile.
The presence of NGH is conservatively bounded between the base GHSZ modeled using the
thermal gradient of 28.5 ◦C/km, and the SMTZ, which is estimated to occur ~25 m below the
seafloor. Thus, the potential methane resource within the Levant Basin is estimated at ~100 Tcf,
which would contain ~1.5 gigatonnes of carbon.
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Abstract: The occurrence of seep-carbonates associated with shallow gas hydrates is increasingly
documented in modern continental margins but in fossil sediments the recognition of gas hydrates
is still challenging for the lack of unequivocal proxies. Here, we combined multiple field and
geochemical indicators for paleo-gas hydrate occurrence based on present-day analogues to
investigate fossil seeps located in the northern Apennines. We recognized clathrite-like structures such
as thin-layered, spongy and vuggy textures and microbreccias. Non-gravitational cementation fabrics
and pinch-out terminations in cavities within the seep-carbonate deposits are ascribed to irregularly
oriented dissociation of gas hydrates. Additional evidences for paleo-gas hydrates are provided by
the large dimensions of seep-carbonate masses and by the association with sedimentary instability
in the host sediments. We report heavy oxygen isotopic values in the examined seep-carbonates up
to +6� that are indicative of a contribution of isotopically heavier fluids released by gas hydrate
decomposition. The calculation of the stability field of methane hydrates for the northern Apennine
wedge-foredeep system during the Miocene indicated the potential occurrence of shallow gas
hydrates in the upper few tens of meters of sedimentary column.

Keywords: gas hydrates; seep-carbonates; clathrites; Miocene; northern Apennines

1. Introduction

The sensitivity of gas hydrates to climate changes and tectonic activity is still poorly constrained
and more efforts are needed to understand how they respond to these forcing processes [1–4]. In the
last decades, much work has been done in terms of monitoring and modelling the gas hydrate
dynamics. The investigation of seepage activities and bottom simulating reflectors (BSR) has provided
quantitative results that improved the accuracy of existing models [5].

Gas hydrates are widely distributed in present-day continental margins and their stability depends
on temperature, pressure and availability of gas and water [6–8]. Gas hydrates continuously dissociate
and recrystallize in order to maintain their position in the sedimentary column within the stability field.
When gas hydrates cannot keep pace with sedimentation and burial, they no longer fall in the stability
zone and their destabilization causes the rapid release of huge amounts of fluids that induces mud
diapirism, soft-sediment deformation and seafloor collapses or may trigger large-scale continental
slope instability (i.e., slumps, slides) [9–13]. Shallow gas hydrates are generally associated with
authigenic 13C-depleted carbonates [14,15]. Gas hydrate-associated carbonates, called clathrites [16],
have been sampled from present-day seafloor or a few meters below [17–23]. These carbonates may
form bodies of remarkable dimension and show peculiar structures such as vacuolar or vuggy-like
fabrics, association of pure aragonitic and gas hydrate layers (zebra-like structures) and breccias
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produced by the destabilization of gas hydrates [18,24–26]. Geochemical indicators in porewaters (i.e.,
chlorine anomalies, oxygen isotopes) are also used to identify and quantify gas hydrate distribution
and formation/destabilization processes [27–30]. Gas hydrate decomposition releases methane and
fresh water into porewaters (low chlorine content) generating a 18O-enriched signature [18,27,31–33].
Formation of gas hydrates produces enrichments in dissolved chloride content and depleted δ18O
values [27]. Peculiar minerals (greigite, pyrrhotite) [34,35] are also reported as possible markers of
gas hydrate dissociation and their identification in the marine sedimentary record may allow the
recognition of paleo-gas hydrate occurrence.

Compared to the abundant literature on present-day gas hydrates, only few studies deal with their
past occurrence [36–38] or with fossil seep-carbonates recording the dissociation of gas hydrates [39–46].
In fossil sediments, the paleo-occurrence of gas hydrates is particularly challenging to assess, due to the
lack of well-established proxies and to the uncertainties on the reconstruction of paleoenvironmental
conditions (pressure, temperature, depth) controlling the hydrate stability field. Clathrite-like
structures have been reported in fossil deposits and can be used as an indication of past gas hydrate
destabilization [47,48]. Additional evidences can be yielded by geochemical signatures, the large
dimensions of seep-carbonate deposits (several hundred meters in lateral extent and tens of meters in
thickness) and the association with sedimentary instability (soft-sediment deformations) in hosting
sediments [49].

Several Miocene seep-carbonate outcrops in different geological settings of the northern
Apennines [50,51] (Figure 1) show characters suggesting paleo-gas hydrate occurrence. In this paper,
we report new data and the results of twenty years of studies on seep-carbonates, obtained from
field-work, facies analysis, geochemistry and biostratigraphy in order to support this hypothesis.
The concentration of gas hydrate-associated carbonates in specific interval of the Miocene and their
relationships with soft-sediment deformations may contribute to the understanding of factors that
lead to their destabilization. Moreover, the investigation of paleo-gas hydrate in the sedimentary
record may shed light into their long-term evolution and the interplay with sea level changes and
tectonics [45,51].

Figure 1. Simplified geological map of the northern Apennines (Italy) showing the main structural units
and the location of the studied outcrops: CM = Cappella Moma [44◦56′19.7” N; 9◦04′54.7” E], SAB =
Salsomaggiore [44◦44′22.8” N; 10◦04′56.5” E], MSS = Montardone, Sasso Streghe [44◦28′40.3” N;
10◦47′40.7” E], LL = Lame, Rontana [44◦14′08.3” N; 11◦42′57.0” E], COL = Colline, Mondera
[44◦06′41.6” N; 11◦34′22.8” E], COR = Corella, Casellino [43◦56′59” N, 1134′59.8” E], CA = Castagno
d′Andrea [43◦53′15.1” N; 11◦40′32.6” E], MP = Montepetra [43◦55′50.3” N; 12◦11′38.2” E], SV = San
Vernicio [43◦54′58.4” N; 11◦57′58.3” E], BU = Case Buscarelle [43◦54′50.6” N; 11◦55′30.4” E], PC =
Poggio Campane [44◦43′52.0” N; 12◦14′18.9” E], DE = Deruta [42◦58′33.3” N; 12◦26′21.1” E].
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2. Geological Setting

2.1. The Northern Apennines

The northern Apennine chain is an orogenic, NE-verging wedge, characterized by the stacking
of several structural units of oceanic and continental origin (Figure 1). The complex structure of the
chain is the result of the convergence and collision between the European and Africa plates, with
the interposition of Adria and Corsica-Sardinia microplates. The collisional stage is accomplished
by the subduction of the Adria under the Corsica-Sardinia lithosphere, coupled with the flexuring
of the foreland and the formation of foredeep basins, progressively migrating towards NE [52].
The oceanic units (Ligurian units, Jurassic to Eocene), deposited within the Piedmont-Ligurian
Ocean, a portion of the Tethys, comprehend a complex assemblage of highly deformed deep-marine
sediments. The Epiligurian units represent the filling of wedge-top basins and are characterized by
basinal to shelfal deposits (Eocene-Lower Pliocene) [52]. Ligurian and Epiligurian units represent
the uppermost portion of the chain. They overlay the deformed Tuscan and Umbro-Marchean units
(Figure 1) deposited on the Adria microplate and mainly consist of Mesozoic to Paleogene carbonate
successions folded and segmented by thrusts (Figure 1). Foredeep basins are filled by sheet-like
turbidites (Marnoso arenacea Fm); the depocenter of the basin migrated in response to the advancing
Apenninic accretionary wedge incorporating the previously formed foredeep deposits. During the
outward migration, the development of intrabasinal highs (Figure 2), related to blind faults and thrusts,
caused the fragmentation of the foredeep into an inner and outer part [53,54]. Sedimentation on top of
intrabasinal highs was mainly represented by hemipelagites and diluted turbidites (drape mudstones)
forming some hundred metre thick fine-grained intervals. These structural highs represent favourable
conditions to gas hydrate accumulation, seepage phenomena and sediment instability along their
flanks; their deactivation heralds the successive involvement of the inner foredeep in the accretionary
wedge linked to the uplift and the closure of the foredeep. During this phase, the foredeep turbidites
are covered by slope marls representing the closure facies [55]: Vicchio Marls, Verghereto Marls, Ghioli
di letto Fm (Figure 2) (in Figure 1, slope marls are included in Tuscan and Umbro-Marchean units).
Slope marls are characterized by abundant slumps and extra formational slides, sourced by previously
accreted units.

Figure 2. Schematic profile showing the main structural elements of the northern Apennine
wedge-foredeep system hosting hydrate-related seep-carbonates during the Miocene: wedge-top
basins (Epiligurian units, white colour) developed on top of allochthonous units (Ligurian units, grey
colour), slope sediments (closure facies, light blue colour) and foredeep basin (Umbro-Marchean units,
yellow colour). Intrabasinal highs developed in the inner sector of the foredeep. The position of
methane seeps on the seafloor is here indicated by black arrows.
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2.2. Miocene Seep-Carbonates

Large seep-carbonate bodies occur in three different positions of the Apennine wedge-top-foredeep
system, from the inner to the outer setting (Figures 1 and 2):

(1) In wedge-top basins within the Epiligurian succession. The largest number of seep-carbonate
bodies is within a 50 meters-thick interval in the basal portion of slope marls of the Termina Fm.
The widest carbonates bodies are distributed in the peripheral portion of chaotic deposits (Montardone
melange) interpreted as mud diapir [49].

(2) Along the outer slope of the accretionary prism, close to the front of the orogenic wedge.
Seep-carbonates are hosted in fine-grained sediments draping thrust-bounded folds and buried ridges
constituted by the older accreted turbiditic units [51]. Slope sediments including seep-carbonates have
a wide extent up to 100 km parallel to the structural trend of the chain and mark the closure stage of
the foredeep before the overriding of Ligurian units.

(3) At the leading edge of the deformational front in the inner foredeep, in fault-related anticlines,
standing above the adjacent deep seafloor forming intrabasinal highs. Seep-carbonates are hosted
in fine-grained intervals sedimented above these structures surrounded by basinal turbidites [51].
The ridges extend laterally for 10–15 km. Thrust faults are connected to the basal detachment through
growing splay faults.

3. Methods

We applied different proxies to identify the occurrence of paleo-gas hydrates in the northern
Apennines. It is worth mentioning that none of them is conclusively decisive when considered alone but
integrated with others allow more accurate interpretations [56]. Based on a detailed field-work (Table 1),
we determined number and dimension of seep-carbonate bodies in primary position (not reworked)
and considered only larger outcrops, up to 1000 m of lateral extension, made up of several carbonate
bodies, laterally and vertically repeated. In each outcrop we analysed larger bodies with lateral
extension wider than 10 m and thickness higher than 5 m (Table 1). A detailed facies analysis allowed
us to identify distinctive seep-carbonate facies and structures (breccias, non-systematic fractures,
spongy fabric, drusy-like structures) referable to clathrites, described in present day settings [18,25,27].
We report the carbon and oxygen isotopic composition of Apennine seep-carbonates (new data and
previous papers, Table 1, Supplementary Materials S1). We investigated the spatial and stratigraphic
relationships between seep-carbonates and sedimentary instability structures related to fluid expulsion
processes, such as mud volcanoes and diapirs, neptunian dikes, soft-sediment deformations, slide block,
chaotic and mass transport deposits cemented by depleted micrites. The nannofossil biostratigraphy of
host sediments allowed us to constrain the age of the stratigraphic interval containing seep-carbonates.
We analysed outcrops that do not show any evidences of reworking. Smear slides from unprocessed
sediment were prepared and analysed under a polarising light microscope at a magnification of 1250X.
A semiquantitative analysis was performed for each sample by observing 100 fields of view in random
traverses. In Table 1 we also included age data from previous papers [50,57]. Petrographic observations
on thin sections were conducted using an optical microscope in order to identify the main carbonate
phases and microfacies. Stable carbon and oxygen isotopic analyses were conducted on matrix micrite
and on calcite cements filling veins and cavities. Carbonate phases were isolated by microdrilling
in thin-section counterparts. Analyses were carried out at the ISO4 Stable Isotope Laboratory of the
University of Turin, using a Finnigan MAT 251 mass spectrometer (Thermo Electron Corp., Waltham,
MA, USA). Data are reported as range of values in � notation relative to VPDB. Analytical error
was better than 0.1� for both carbon and oxygen. Full isotopic data are reported in Supplementary
Materials S1.
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Table 1. Field and geochemical data of the examined seep-carbonate outcrops.

Outcrop Geosetting

Dimension
(Length × Thickness) Samples

(n)

13C
(�V-PDB)

18O
(�V-PDB)

Clathrite
Facies

SSD References

Outcrop MDAC

MSS Wedge-top 400 × 70 10–250 × 5–30 16 −39.1 to −18.2 +0.3 to +5.5 X X [49]

CM n.m. 35 × 25 7 −30.0 to −11.0 +1.1 to +2.9 X n.o. [49]

SV

Slope

200 × 40 10–70 × 5–20 11 −33.2 to −27.2 +0.1 to +3.6 X X This work, [58]

BU n.m. 50 × 15 2 −36.4 to −35.1 −0.3 to +1.5 X n.o. This work

PC 70 × 30 10–20 × 5–8 1 −32.2 +2.2 X X This work

SAB 250 × 35 10–25 × 5–8 18 −41.4 to −8.7 +0.2 to + 2.9 X X [59]

MP 100–150 10–40 × 5–10 20 −52.7 to −19,1 +0.7 to +6.0 X X [53]

LL 350 × 40 10–150 × 5–30 18 −51,7 to −27.4 −1.6 to + 5.0 X n.o. [58]

COR

Intrabasinal
highs

1000 × 50 20–300 × 10–25 16 −42.3 to −26.6 −5.7 to +1.2 X X [51]

CA 90 × 50 12–30 × –5–10 30 −41.3 to −15.0 +0.9 to +1.2 X X [60]

COL 100 × 30 5–10 × 2–5 7 −56.2 to −38.9 +0.6 to +3.5 X n.o. This work

DE 150 × 40 10–80 × 5–20 14 −46.0 to −11.0 −4.7 to +2.2 X X [61]

Dimensions are reported in meters. SSD, soft-sediment deformation; n.m., not measured; n.o., not observed.
Biostratigraphic data for each outcrop are reported in Section 4.1.

4. Results

We report the results from field-work, facies analysis, petrography, geochemistry and biostratigraphy
of 12 seep-carbonate outcrops of the northern Apennines that show the peculiar features (i.e.,
dimensions, clathrite-like structures, δ18O isotope and sediment instability in enclosing sediments)
suggesting relationships with gas hydrates.

Seep-carbonate dimensions—The examined carbonates mainly consist of large lenticular stratiform
or pinnacle-like bodies, from 10 to 300 m wide and 8 to 30 m thick (Table 1). They are arranged in
horizons that extend for 700–1000 m conformable with the stratification of the enclosing fine-grained
turbidites and hemipelagites. Carbonate bodies are vertically repeated and seep-impacted sediment
can reach 150 m in thickness (MP outcrop).

Clathrite-like structures—Examined seep-carbonates show peculiar structures (Figure 3) such as
thin layered structures consisting of an alternation of micrite and sparry calcite (Figure 3a), radial
pattern of fractures (Figure 3b), spongy and vuggy-like fabrics resembling drusy crystals similar to
those reported in present-day gas hydrate-associated carbonates (Figure 3c,d). Cavities are irregular in
shape, circular to ellipsoidal in cross-section, empty or filled with carbonate cements and/or coarser
sediments (calcarenites, peloidal sediments, microbreccias, coquina debris). They resemble voids
previously occupied by solid substances (gas hydrates) that successively disappeared. The examination
of cavities in thin section has allowed the identification of non-gravitational cementation fabrics and
pinch-out terminations (Figure 4), ascribable to irregularly oriented dissociation of gas hydrates as
proposed by [48,62] for fossil deposits in the Tertiary Piedmont Basin (north-western Apennines).

Clathrite-like structures also include fluid-induced breccias (Figure 5a–c). Monogenic and
polygenic breccias are abundant, generally restricted but not exclusive, to the basal portion of carbonate
bodies. Monogenic breccias are constituted by heterometric angular clasts, ranging in size from few
millimetres to 5–10 cm, composed of the authigenic micrite from the seep-carbonates. Clasts are
chaotically dispersed in a micritic matrix or in a fine to medium-grained sandy matrix. Larger clasts
derive from the coalescence of heterometric smaller clasts, testifying various cycles of cementation
and fragmentation. In many cases, monogenic breccias pass gradually to a dense and intricate
network of non-systematic carbonate-filled veins and microfractures, irregularly connected to a larger
vein network and conduits (Figure 5d). Polygenic breccias contain carbonate, arenitic and pelitic
clasts of various stratigraphic provenance and dimensions, floating in the micritic matrix. Clasts are
heterometric (from some millimetres to 50 cm in diameter), with sharp edges; clast size decreases
from the base to the top of carbonate bodies. Polygenic breccias form units ranging in thickness from
centimetres to a few meters, often interdigitated with fine-grained carbonate cemented sediments.
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Figure 3. Examples of various clathrite-like structures. (a) Thin layered structures surrounding a
carbonate breccia with shell fragments (MP outcrop in Figure 1). (b) Irregular network (mainly radial
to concentric) of carbonate-filled veins (DE outcrop in Figure 1). (c,d) Vacuolar, spongy and vuggy-like
fabrics: cavities have various shape, empty or filled with carbonate cements and/or coarser sediments
and coquina debris. PC outcrop (c) and SS outcrop (d) of Figure 1.
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Figure 4. Micrographs displaying cavity infillings in the vuggy carbonate facies (a–d) and microbreccias
(e,f). (a,b) Alternating laminae of microspatite and micrite. The thickness of the laminae varies
from few microns to tens of microns. (b) Voids can be connected by conduits showing laminated
fabric. Laminae do not line all the cavity wall but stop abruptly, in some cases producing pinch out
terminations (white arrows; c,d). Calcite cements and laminae may include some tests of foraminifera
or siliciclastic grains, indicating precipitation in an early diagenetic stage within semi-consolidated
material. (e) Microbreccias composed by very angular and poorly sorted micritic clasts indicative
of autoclastic fragmentation; clasts are floating in microsparitic cement. (f) Matrix-supported
microbreccias composed by subangular clasts of micrite; clasts seem to fit to each other. Thin sections
from samples of PC and COR outcrops of Figure 1. Scale bar = 1 mm.
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Figure 5. Examples of fluid-induced breccias: (a) Polygenic breccias with abundant disarticulated shells
(COL outcrop in Figure 1). (b) Polygenic breccias with clasts floating in a micritic matrix (SV outcrop in
Figure 1). (c) Carbonate monogenic breccia (CO outcrop in Figure 1). (d) Network of veins and a large
conduit (arrows) filled with coarse sediments and carbonate cement (DE outcrop in Figure 1).

Stable C and O isotopic composition—Table 1 reports isotopic data for 160 carbonate samples collected
in 12 outcrops. The examined seep-carbonates are mainly constituted of low-Mg calcite and minor
aragonite and dolomite. They are typically depleted in δ13C with values around −30� (Table 1).
Values more negative than −50� occur in three outcrops (MP, LL, COL), with the most negative value
is −56.2� (COL). Most samples display positive δ18O values (up to 6.0�), enriched respect to the
carbonate fraction of surrounding sediments, that is generally around −1� [58,60]. The δ13C depletion
and 18O enrichment reach the maximum values in clathrite-like textures, in particular from brecciated
structures and conduit-rich facies.

Sediment instability in enclosing sediments related to fluid expulsion processes—Seep-carbonates are
hosted in fine-grained deposits that in many cases show soft-sediment deformation structures, related
to fluid expulsion (Figure 6a,b). In wedge-top outcrops (MSS), seep-carbonates are associated to chaotic
deposits formed by the ascent of mud diapirs. In the foredeep, fluid-expulsion structures in host
sediment adjacent to seep-carbonates include neptunian dikes and injection structures, chimneys and
conduits filled by coarse deposits, cylindrical and ellipsoidal concretions, brecciated and septaria-like
concretions made up of 13C-depleted carbonate (Figure 6d). In the slope setting, slumps and slides
have been frequently observed (MP). In many outcrops, fluidized resedimented arenites and debris
flow are cemented by δ13C depleted micrite (Figure 6c).
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Figure 6. Examples of fluid expulsion structures: (a,b) Soft-sediment deformation structures and
disrupted strata in host sediment in proximity of the seep carbonate body (COR outcrop in Figure 1).
(c) Debris flow deposits cemented by 13C-depleted micrite (DE outcrop of Figure 1). (d) Septaria-like
concretion made up of depleted methane-derived carbonates (BU outcrop of Figure 1).

4.1. Dating of Seep Carbonate Outcrops

The biostratigraphy of the examined outcrops results from new analyses on nannofossil
assemblages and from previous studies based on both nannofossils and foraminifera (Figure 7),
carried out on the fine-grained hosting sediment. The examined sediments are distributed from the
Langhian up to the early Messinian. In detail, two outcrops in the foredeep (CA, COR) are referred
to the Langhian (nannofossil subzone MNN5a) in agreement with previous studies [51,60]. Based on
nannofossil biostratigraphy, most of the seep outcrops (MMS, PC, COL, DE) indicate a Serravallian
age. The CM and SAB outcrops provided similar ages, confirming previous analyses obtained with
foraminifera [59]. Other seep-carbonate outcrops are referred to the early Tortonian; more in detail,
SV correspond to the zone MNN8 and CB outcrop indicates subzone MNN8b and zone MNN9.
Nannofossil assemblage in LL outcrop indicates the late Tortonian, whereas MP outcrop points to an
age comprised between the late Tortonian and the early Messinian based on previous foraminifera
biostratigraphy [53].
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Figure 7. Biostratigraphic scheme, based on nannofossil and foraminifera assemblages, indicating the
Miocene biozones and the stratigraphic distribution of the examined outcrops. For the full name of the
outcrops refer to Figure 1. The third-order eustatic curve is reported to show a possible correlation
between the development of seepage systems and low stands.

5. Discussion

We report several features in fossil seep-carbonates of the northern Apennines that can be related
to the occurrence of paleo-gas hydrates. Some of these are similar to those described from present-day
settings where gas hydrates have been mapped or directly observed on the seafloor, therefore their
identification in the sedimentary record provides a quite robust evidence. The vacuolar, spongy and
vuggy-like fabrics in the examined Apenninic carbonates are interpreted as voids and pores previously
occupied by solid substances (possibly crystallization of gas hydrates at the rim of bubbles trapped in
the sediment) [18] preserved by the precipitation of methane-derived carbonates. Monogenic breccias
are made up of very angular micritic clasts of the previously precipitated carbonate crusts and may
represent collapse breccias resulting from the rapid destabilization of gas hydrates within the sediment
pore space [27]. Similar fabrics have been reported in seep-carbonates of the Hydrate Ridge [18] and
in the Oligocene seep-carbonates of the Carpathians [42]. Polygenic breccias include exotic material
derived from the underlying formations and could be related to rapid ascent of fluids released by gas
hydrate destabilization: Similar structures are also described in carbonates associated to gas hydrates
from the Hydrate Ridge (intraformational breccias) [18]. Fluid overpressures, as expected from the
rapid decomposition of hydrates, can also result in the opening of fractures and injection of fluidized
sediments [63–65] as shown in the dense and intricate network of non-systematic carbonate-filled veins
and microfractures, irregularly connected to larger conduits, in the studied seep-carbonates. Layered
carbonate facies show a zebra-like appearance due to the alternation of thin micrite and sparry calcite
layers. This texture likely resulted from carbonate precipitation in contact with pure gas hydrate layers
roughly oriented parallel to the bedding surfaces of the host sediments, as reported from present-day
sediments at Hydrate Ridge, offshore Oregon [18].
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Other markers are more uncertain, as the large dimension and volumes of carbonate bodies
hardly explainable as originated by local anaerobic degradation of organic matter and more likely
are indicative of abundant methane supply by destabilization of gas hydrates [56]. Moreover,
according to various studies, fluid circulation for gas hydrate destabilization may trigger soft-sediment
deformation and mass-wasting processes responsible for the emplacement of chaotic deposits [5,13].
Gas hydrates may act as cement, particularly in fine-grained deposits, improving cohesion and stability
of paleo-slopes; conversely, their rapid decomposition increases sediment pore-pressure and favours
sediment mobilization at all scales. Examined seep carbonate in the northern Apennines are sometimes
associated with slumps, slides and resedimented arenites and debris flow, cemented or encrusted by
micrite with depleted δ13C and positive δ18O. In wedge-top outcrops, seep-carbonates are associated
to chaotic deposits formed by the ascent of a mud diapir [49].

The oxygen isotopic composition of methane-derived carbonates provides important information
on fluid sources and processes occurring within the sediments [27,56]. The ultimate δ18O value
recorded by authigenic carbonates is controlled by several factors, that is, the temperature of formation,
the δ18O composition of the precipitating fluid, the mineralogy and the pH of the solution [66–70].
Heavy δ18O values (>+3.4� up to 14.8�) [18,71] in methane-derived carbonates have been reported
in gas hydrate-bearing sediments worldwide (Hydrate Ridge, Gulf of Mexico). Heaviest oxygen
isotopic values in the examined seep-carbonates are around +5� and +6� (Table 1). Based on these
δ18O values, the temperature of formation of examined carbonates has been calculated applying
the equation by [72] and assuming an original aragonitic mineralogy and pore fluid composition of
0� versus SMOW (average modern seawater). The resulting temperatures are below 0 ◦C which are
clearly unrealistic. Therefore a contribution of isotopically heavier fluids has to be assumed: a possible
influence of gas hydrate decomposition [27] or a contribution from deep-sourced fluids recording
the dehydration of clay minerals [73]. We exclude the clay dehydration process, as the depth to the
detachment surface under the foredeep deposits during the Miocene did not probably exceed 3 km [53],
which is not sufficient to make the clay dehydration process a significant controlling factor on the
oxygen isotopic composition of the carbonates [73]. We suggest that gas hydrate decomposition could
be the main source at least for the heaviest δ18O values in our study. In order to validate this hypothesis,
we discuss the gas hydrate stability in the Apennines during the Miocene.

Gas Hydrate Stability along the Northern Apennine Margin during the Miocene

The stability of gas hydrates within the sediments depends on many factors such as temperature,
pressure, gas composition and saturation, as well as pore-water composition (e.g., salinity) [27].
All these parameters are used to construct the stability curve for a specific gas hydrate structure.
To calculate the vertical extent of the gas hydrate stability zone (GHSZ) we need to know the
temperature profile in the water column and local geothermal gradient. The true depth interval
in which hydrate potentially form within the sediments, called gas hydrate occurrence zone (GHOZ),
is defined by the interceptions of the phase boundary curve with the seafloor and with the geothermal
gradient (Figure 8) [74]. In order to reconstruct the gas hydrates stability in a fossil environment at a
specific depth, we need to consider the bottom water temperature to calculate the GHOZ. In this way,
we avoid introducing errors related to uncertainties on the oceanographic conditions due to paucity
of data.

Paleobathimetric estimates of middle Miocene seep-carbonates in the inner foredeep by [75] and
more recently by [57], place the seepage systems at the average depth of ~1000 m and we used this
value as representative of the seafloor depth in our reconstruction (Figure 8). We calculated the stability
field of pure methane hydrates (crystal structure I) [27] in the Miocene along the northern Apennine
margin, since this methane hydrate structure is the most frequently observed along modern continental
margins. We considered two different hypotheses of temperatures of bottom water, as reported by
various authors for the Mediterranean region during the Miocene and a normal geothermal gradient
of 30 ◦C/km. The value of 4 ◦C has been utilized by [48] for calculating the gas hydrate stability in the
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lower Messinian sediments of the Tertiary Piedmont Basin (northern Italy). The authors extrapolated
that value by applying an exponential curve decreasing from the Messinian sea surface temperature of
18 ◦C [76] until reaching the depth of 1000 m. By using 4 ◦C as minimum bottom water temperature
and assuming modern-day Mediterranean salinity (3.8%) [77] we obtained a GHOZ of ~400 m for the
Apennine setting (Figure 8). We then considered the bottom temperature of 11 ◦C as the highest value
allowing a potential occurrence of gas hydrates within the sediments and consistent with a GHOZ
of few tens of meters (Figure 8). A similar value of bottom water temperature (12–13 ◦C) has been
also used by [41] to demonstrate that gas hydrates were stable at 1000 m water depth in the Western
Mediterranean during the upper Miocene. Considering the paleobathimetry of our seepage systems
and the expected depth of the thermocline located between 500 and 1000 m, the bottom temperature
reported by [78] during the Middle Miocene Climatic Optimum (~15 ◦C at 500 m depth) would support
the value of about 10 ◦C obtained in our model. Therefore, it is conceivable to use this latter value for
the calculation of paleo-gas hydrates stability zones in the Miocene, indicating the potential occurrence
of shallow gas hydrates.

The chronostratigraphic distribution of examined outcrops (Figure 7) shows that they are roughly
concentrated in three main intervals: in the Langhian (MNN5a), in the late Serravallian-early Tortonian
(MNN6b-MNN7) and the late Tortonian-early Messinian (MNN10-MNN11). When comparing seep
distributions with 3rd order eustatic curves of [79], they approximately seem to match phases of
sea-level lowering. However, in the studied cases, we are aware that the biostratigraphic resolution is
conditioned by the duration of the biozone, that could be longer than the seepage activity. Some authors
investigated the correlation between seep-carbonate precipitation and sea-level changes and proposed
the correspondence of seep-carbonates with sea-level lowering [9,15,80]. A drop in the hydraulic
pressure on the plumbing system during sea-level lowering would shift the bottom of the gas hydrate
stability zone into shallower depths, inducing gas-hydrate destabilization [27]. Specific paleoclimatic
reconstructions for the Miocene of the western Mediterranean will provide more accurate estimations.

Figure 8. Evaluation of the gas hydrate stability along the northern Apennines in the Miocene, based
on the assumptions reported in the text. For bottom water temperature of 4 ◦C, gas hydrates would be
stable for 400 m below the seafloor. The value of 11 ◦C represents the highest temperature allowing
the occurrence of gas hydrates in the upper tens of meters of sediments. Water column profiles were
drawn following [48].
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6. Conclusions

We document the occurrence of clathrite-like features in Miocene seep-carbonates from different
structural settings of the Apennine wedge-foredeep system and discuss their possible relationships
with gas hydrate dissociation.

Vuggy fabrics are interpreted as related to voids and pores previously occupied by gas hydrates
dispersed in the sediment, preserved by the precipitation of methane-derived carbonates. It is
suggested that monogenic and polygenic breccias could be related to rapid ascent of bubbles and
growing gas hydrate layers that caused sediment brecciation. Fluid overpressures could result in
the opening of fractures and injection of fluidized sediments. We also considered dimension and
volumes of carbonate bodies, as well as sedimentary instability in host deposits, as possible indicator
of abundant and prolonged methane supply by destabilization of gas hydrates.

We report heavy oxygen isotopic values up to +6� in the examined seep-carbonates and propose
a contribution of isotopically heavier fluids released by gas hydrate decomposition.

Based on the calculation of gas hydrate stability zone for the selected settings, we suggest a
potential occurrence of shallow gas hydrates within the sediments in the upper few tens of meters.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3263/9/3/134/s1,
S1: Full isotopic data.
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