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1.

Introduction and objectives

Gas hydrates are ice-like mixtures of low-molecular weight gas molecules trapped within an ice-like
structure of water molecules. Different hydrate structures exist, but in nature, methane is the dominant
hydrate forming gas, resulting in structure I hydrates. Natural gas hydrates are usually formed in
marine sediments or permafrost soils, i.e. in porous media, and this composite matrix is referred to as
gas hydrate-bearing sediment or soil, respectively.
Gas hydrates are meta-stable, and their presence requires (1) relatively high pressure; (2) relatively
low temperature; (3) sufficient amounts of gas molecules to stabilize the hydrate structure and (4)
sufficient water to form the hydrate structure. The stability depends on the salinity of the pore water
and the chemical composition of the hydrate forming fluids. In marine environments, the hydrate
stability zone extends from the intersections of the seawater temperature curve and the sub-surface
temperature curve with the three-phase hydrate stability curve (Figure 1). Outside this area, the
temperature is too high to allow hydrate stability. Additions of salt or Nitrogen to the methane gas
reduces the hydrate stability conditions, whereas higher hydrocarbons typically extend the hydrate
stability zone. The cartoon in Figure 1 also illustrates how environmental conditions may affect the
stability curve.

Figure 1: Sketch showing the extent of the theoretical gas hydrate stability zone, extending from the seafloor
down to the intersection of the sub-surface temperature curve and the 3-phase hydrate stability curve. The arrows
indicate how the stability conditions may change under environmental changes (e.g., temperature fluctuations,
heat flow, sea level changes, etc.). From Vanneste, 2000.
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Beneath the hydrate stability zone, one typically finds a free gas zone. The presence of free gas forms
a prime indicator for gas hydrates on seismic data, a bottom-simulating reflection (BSR). However,
seismic data do not provide clear evidence for the top of the gas hydrate occurrence zone in the
sediment. Well logs provide better evidence (in much higher vertical resolution) for the hydrate
occurrence zones, as hydrates often stand out as intervals with higher resistivity. Non-seismic
methods, like controlled-source electromagnetic (CSEM) surveying, provide additional information on
the occurrence of hydrates or gas, as both have a high electrical resistivity. CSEM does not have the
same resolution as the variety of seismic methods; however, the joint analysis of seismics and CSEM
can add detail and may provide helpful in quantifying the gas and hydrate reservoirs.
Both scientific and economic interest in gas hydrate-bearing sediments and soils has increased in
recent decades, and detailed knowledge about physicochemical properties of gas hydrate-bearing
sediments is important in different areas of research. Because of expectedly large amounts of natural
gas hydrates on the global scale, the evaluation and quantification of regional and global amounts of
natural gas hydrates has been the objective of exploration campaigns and numerical modelling-based
budgeting. Gas hydrates occur in sediments at hotspots of past or present gas seepage. Thus, natural
gas hydrates act as a sink in global carbon cycling and retain huge amounts of climate-affecting gases
from entering the oceans and the atmosphere, and knowledge about physicochemical behaviour of
gas hydrate-bearing sediments is important in order to understand and predict storage and release of
greenhouse gases from marine sediments. In the context of climate change and warming of marine
water masses, potential destabilization of marine gas hydrates and the release of natural gas are
being discussed. Also, because gas hydrates act as a sink and possibly as source for natural gas,
natural gas hydrates contribute to the regulation of marine ecosystems. From an economic point of
view, natural gas hydrates in sediments and soils are considered to be a potential energy resource,
and the possible exploitation of marine or terrestrial gas hydrate reservoirs has become an emerging
field of research (Makogon et al. 2007, Moridis et al. 2009, Collett et al. 2010, Boswell and Collett
2011). Chances and risks of man-made gas hydrate dissociation for energy production on industrial
scales are topics of intense research (Kvenvolden 1988, Milkov and Sassen 2002, Moridis and Collett
2003, Koh et al. 2012), both with respect to quantifying possible production rates and yields, and
understanding risks of uncontrolled and hazardous gas leakage as well as soil destabilization and
failure (Hyodo et al. 2005, Moridis et al. 2009, Rutqvist and Moridis 2009, Rutqvist et al. 2009).
The formation, conversion or dissociation of gas hydrates in sediments or soils is controlled through
very strong thermo-hydro-chemo-mechanical process coupling, and process interaction and
feedbacks are still poorly understood. The formation of gas hydrates and the amount of gas hydrates
being present at a given time is a consequence of fluid flow, mass transport and chemical reactions.
Since gas hydrate forming molecules are transported in various phases, e.g. as a free gas or
dissolved in aqueous solution, gas hydrate-sediment fabrics observed or expected to be relevant in
nature vary a lot. Depending on fluid flow regimes, soil heterogeneity and many other factors, gas
hydrates in natural sediments might be unevenly distributed on different scales. Capturing the
mechanical behavior of gas hydrate-bearing sediments in numerical models is of fundamental
importance in assessing the potential for submarine slope instability as a result either of exploration or
exploitation activity, or of environmental change (Clayton et al., 2008; Uchida et al., 2012). This
requires quantification by a reasonably good number of different geotechnical properties (Yamamoto
et al., 2015). Owing to difficulties in recovering natural, undisturbed samples under in situ temperature
and pressure conditions, most efforts have been spent on measuring geotechnical properties of
synthetic samples under laboratory controlled conditions. The results agree reasonably well with the
few measurements obtained from natural samples (Hyodo et al., 2014b, Priest et al., 2015,
Santamarina et al., 2015; Yoneda et al., 2015) in showing that the stiffness, dilatancy angle, shear
strength and strength sensitivity (or brittleness) of hydrate-bearing sands tend to increase with hydrate
saturation in the pore space. This general trend is modulated by the complex nature of hydrate
sediment interaction which relies to a great extent on hydrate morphology (Waite et al., 2009).
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Depending on the availability of water and gas, three distinct hydrate morphologies can be expected to
naturally form in sandy reservoirs (Figure 2; Spangenberg et al., 2014). The so-called pore-filling
morphology which has been observed in most field studies has only a subtle effect on the
geotechnical properties before the pore space hydrate saturation rises above 25-40% (Waite et al.,
2009). This threshold is thought to reflect a natural change from a pore-filling to a load-bearing hydrate
morphology. The third morphology produces stiffer and stronger sands at similar hydrate saturation
(Waite et al., 2009). It is thus commonly referred to as the cementing morphology. The occurrence of
this morphology is thought to be restricted to areas of very high gas concentration (Spangenberg et
al., 2014).

Figure 2: Illustration of possible hydrate morphologies in the pore space of coarse-grained sediments (Above) or
within fine-grained sediments (Below).

Grain-displacing hydrates taking the form of macroscopic veins, lenses or nodules have been
recognized as the predominant morphology in clayey sediments (Figure 2; Winters et al., 2014). Due
to a lesser interest from a resource potential perspective, no controlled laboratory investigation have
been carried out to substantiate the influence of various hydrate morphologies (veins, lenses or
nodules) on the geotechnical properties of clayey sediments. Yet, because such sediments may form
reservoirs overburden, the understanding of their mechanical behavior is critical to ease operational
safety and geohazard issues such as slope instability and gas venting (Boswell et al., 2011).
This report summarizes results from seismic and geotechnical studies on gas hydrate-bearing
sediments. The studies were essentially based upon data collected during research cruises to the
Danube-deep-sea- fan in the Black Sea, MSM34 aboard the German Research Vessel MARIA S.
MERIAN from December 2013 to January 2014 (Bialas 2014), and GHASS cruise, September 2015
(Ker et al., 2015). The Danube-deep-sea fan is located in the northwestern part of the Black Sea and
began to develop at about 900 ka (Winguth et al., 2000). It is the result of sediment discharge by the
rivers Danube during the last glaciation (Winguth et al., 2000; Popescu et al., 2001). The continental
shelf is up to 120 km wide and the Danube fan developed downslope of the shelf break at about 100
m water depth down to the abyssal plain in 2200 m water depth (Wong et al., 1997). The canyons and
channels of the fan are characterized by erosional processes on the upper slope and by depositional
processes on the middle and lower slope (Popescu et al., 2001). Eight seismic sequences were
identified in the Danube fan, consisting of stacked channel-levee systems, overbank sediments and
mass transport deposits (Wong et al., 1997). The most recent active channel of the Danube fan is the
5
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Danube channel, which was connected to the mouth of the Danube river by the Viteaz canyon at the
shelf break (Popescu et al., 2001). The erosive Viteaz canyon terminates in a channel-levee system at
about 800 m water depth (Lericolais et al., 2013) and developed during the last glacial period about 25
ka BP when the sealevel was up to 150 m lower than today (Winguth et al., 2000). As observed in
other fans, the right-hand (western) levees are more pronounced than the left-hand (eastern) levees in
the northern hemisphere, which is due to the Coriolis force (Popescu et al., 2001). Several older
channels can be identified from the bathymetry such as a channel westwards of the Danube channel
named SUGAR channel in this study (Figure 4), referring to the German gas hydrate initiative SUGAR.
In situ geotechnical investigations carried out offshore Nigeria revealed that piezocone sounding is a
promising method for the detection of gas hydrates in clayey sediments and the quantification of the
associated mechanical consequences (Sultan et al., 2007, 2010). Piezocone sounding is indeed
recognized as a cost effective means of acquiring large amount of data, especially when high-quality
samples are difficult to obtain for laboratory tests (Robertson, 2012). This is inherent to the fact that
three independent measurements can be obtained with depth by a single sounding to derive
geotechnical properties through semi-empirical correlations that have been developed for a wide
range of sediments.
In the frame of the MIDAS project, piezocone soundings were carried out by Ifremer in the Romanian
sector of the Black Sea (GHASS cruise, September 2015; Ker et al., 2015). Piston cores were
additionally collected in attempting to relate visual analyses of gas hydrate morphologies to trends in
piezocone responses. Such comparative analyses proved difficult to achieve given the fast
dissociation of gas hydrates during core recovery. The single site where peculiar piezocone readings
could have been unambiguously reconciled with direct observations of gas hydrates has been the
subject of the MIDAS milestone 26. The overall approach, tools and processing techniques deployed
to achieve this milestone have been reported in a MIDAS report (Garziglia, 2016). Some details about
the in situ device and study area along with key results regarding the geotechnical properties of
reference and gas-hydrate-bearing clayey sediments are herein repeated.
Complementary to field seismic and geotechnical studies, laboratory studies were carried out to
address important questions and unknowns concerning characterization of hydrated sandy sediments
in the Black Sea. In particular, the studies were focused on understanding geomechanical effects from
dynamic and coupled thermo-hydro-chemo-mechanical processes during gas hydrate formation and
dissociation, as well as mechanical effects related to focused gas migration and non-homogeneous
gas hydrate distributions. Further, the experimental studies were carried out to identify potential
mechanisms and triggers for sediment destabilization and slope failure.
The following key objectives were addressed using high-pressure flow-through experiments and
numerical simulation approaches:
-

To characterize the changes of small strain mechanical properties in response to dynamically
changing gas hydrate saturations

-

To investigate gas migration behavior after gas hydrate dissociation and corresponding gas
holdup characteristics

-

To analyze potential effects of local vertical gas migration and gas hydrate formation on
sediment mechanical properties

-

To improve the understanding and numerical simulation of thermo-hydro-chemo-mechanical
process coupling during natural gas production through depressurization in the predicted small
strain situation (compare to D1.6, Vanneste et al., 2016)
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Using current state-of-art of experimental and numerical tools, several important aspects of a full
geotechnical characterization of gas hydrate-bearing sediments can only partly be addressed. Thus,
this report provides a summary of open questions, important limitations and ongoing research efforts.
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2.

Seismic characterisation of hydrated sediments in a sand-rich
setting

2.1

Methods of surveying

2.1.1

Regional 2D seismic data

Prior to the cruise MSM34 only limited information about the Danube deep-sea fan was available.
Selected datasets from the BLASON cruises in 1998 and 2002 were provided by IFREMER, but did
not provide a reasonable data coverage of the working area. Consequently, cruise MSM34 set out to
establish the bathymetric and seismic database to prepare a selection of further areas to be studied in
higher resolution. Leg 1 acquired the necessary grid of 2D-seismic profiles using a 1 km long
multichannel streamer with 168 channels and a group distance of 6.25 m operated by IMST-Seislab. A
total of 26 profiles were acquired with 16 profiles across the Danube fan with a spacing of 5 km and
lengths between 45 – 110 km, and 10 profiles in downslope direction with a length of 40 – 70 km.
Based on this dataset, two target areas were selected for high resolution 3D seismic acquisition during
leg 2. The 1 km long offset of the streamer allows carrying out a semblance velocity analysis during
processing. This technique does not only result in a better migration of the data, but allows also a
stretch from time to depth domain of the 2D seismic profiles. This gives much more certainty for
thermal- and gas hydrate stability modelling, which require accurate depth of the BSR below seafloor.
2.1.2

High-resolution 2D seismic data

The high-resolution 2D multichannel seismic surveys were carried out with a streamer that offers a
shorter group interval compared to the regional seismic streamer and thus subsurface imaging with
higher resolution. The streamer has a length of 62.5 m with 40 channels and a group distance of 1.56
m. The profiles are located in a distance of about 1 km with a maximum length of 14 km. The velocity
data of the regional 2D profiles was used for the depth conversion of the high-resolution data because
the streamer is too short for velocity analysis.
2.1.3

P-Cable 3D seismic data

The P-Cable data provides full 3D data acquisition at a much higher resolution than conventional 3D
data used in oil exploration surveys. It allows focusing on the shallow part of the subsurface (with good
imaging up to 3 km underneath the seafloor in the study area) and characterizing in more detail
shallow features such as channels, levees, and fluid migration pathways. The P-Cable uses multiple
short streamer sections towed parallel to each other and connected to a cross cable, which is towed
perpendicular to the ship’s track. The cross cable is spread behind the vessel by two large trawl doors,
each with GPS antennas mounted for accurate navigation and permanent monitoring of streamer
positions to provide satisfying coverage of the target area. Two P-Cable surveys were acquired during
the cruise, one in each study site, covering areas of about 42 km² and 16 km², respectively. The 3D
datasets are available both in time and depth domain. Since the streamer sections of the P-Cable are
too small for semblance picking, the velocity data derived from the regional 2D profiles was
extrapolated to the 3D areas for the depth conversion of the 3D seismic data.
2.1.4

Ocean Bottom seismometers

Fifteen ocean bottom seismometers (OBS) were deployed during the 2D and 3D surveys to record the
same data set. The OBS data record wave fields of a wide range of incident angles and reveal
information about seismic P- and S-wave velocities. Both, P- and S-wave traveltime modelling cover a
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depth down to 1.5 km below the seafloor, thus, providing seismic velocity information far below the
BSR.

2.2

Results

2.2.1

BSR distribution

The theoretical upper limit of the GHSZ is located in a water depth of about 721 m for bottom water
salinities of 22.3 and bottom water temperatures of 9.1 °C. In shallower depth, numerous flares can be
observed in echosounder data along the slope. Below this boundary, gas flares are generally absent.
The bottom simulating reflector is a common indicator in seismic data for gas hydrates as it caused by
the low impedance contrast between hydrates with high seismic velocities above and free gas with low
seismic velocities underneath the BSR. It commonly follows the seafloor and thus crosscuts local
strata, and is of negative polarity compared to the seafloor (Figure 3). The occurrence of a BSR in the
Danube area is well known from numerous studies (e.g. Baristeas, 2006; Popescu et al., 2006).

Figure 3: Seismic profile across the SUGAR channel-levee system showing the general character of the four
stacked multiple BSRs. B-D: Insets with different colour scale highlight the positive polarity of the seafloor (B) and
the negative polarities of the reflections underneath the shallowest BSR 1 (C) and BSRs 2-4 (D).

Based on the 2D regional seismic grid an outline of the BSR extension was mapped (Figure 4). Two
large BSR patches can be identified to the east and west of the Danube channel. The BSR mapping
coincides generally with earlier studies from Baristeas (2006) and Popescu et al. (2006). Minor
differences are most likely due to the different data coverage and data quality of these studies.

9

MIDAS D1.5: Seismic and geotechnical characterisation of hydrated sediments in a sand-rich setting

Figure 4: Location of the study area in the northwestern Black Sea. Bathymetry and seismic data were acquired
during R/V Maria S. Merian cruise MSM34 in 2013-2014. Red line = upper limit of the GHSZ, white lines = 2D
seismic profiles, white rectangles = 3D seismic surveys, red polygones = BSR extensions in the study area.

2.2.2

Multiple BSRs in the Danube deep-sea fan

The Danube deep-sea fan is known to host anomalous quadruple BSRs; their first discovery is
published in Popescu et al. (2006). These BSRs are only observed in the levees of a buried channellevee system in water depths between 1000 m and 1500 m. All BSRs are sharp and reversed in
polarity compared to the seafloor, indicating free gas underneath as the cause for the negative
impedance contrast. The origin of multiple BSRs has been debated for several decades with various
important consequences for understanding the geology and geochemistry of the subsurface. Popescu
et al. (2006) excluded that these BSRs reflect gas hydrate layers of different gas compositions as they
are in sharp contradiction with the general background of the gas composition in the study area.
With the seismic data acquired during the MSM34 cruise, the multiple BSRs are imaged now by three
different recording systems, which confirms their existence more than 10 years after their discovery,
and rule out that the BSRs are ephemeral features, or the product of incorrect processing or artifacts.
Our modelling shows that the theoretical base of the methane hydrate stability zone is in agreement
10

MIDAS D1.5: Seismic and geotechnical characterisation of hydrated sediments in a sand-rich setting

with the shallowest BSR. The newly acquired regional seismic data of cruise MSM34 reveals that the
deeper BSRs are generally weaker in amplitudes compared to the shallowest BSR, but they also
represent a sharp and continuous boundary towards increased amplitudes below with reversed
polarity compared to the seafloor (Figure 3). Some BSRs cross the same strata and slightly vary in dip
towards each other. They are not observed in or underneath the channel axis, and the reflections of all
BSRs fade out where they intersect with the base of the buried channel-levee system (Figure 4). The
deeper BSRs are unrelated to the current seafloor topography as the sediment overburden is much
thicker above the eastern levee compared to the western levee in which the multiple BSRs are
observed. Moreover, the buried channel-levee system is overlain by the levee deposits of the Danube
channel, which is the most recent active channel of the paleo-fan. The thickness of these levee
deposits decreases with increasing distance from the Danube channel, which leads to a thicker
overburden above the eastern part of the buried channel-levee system compared to the western part.
This asymmetric sediment load further shows that the deeper BSRs are unrelated to the current
seafloor topography.

Figure 5 A: 2D seismic profile across the SUGAR channel (red unit) and the western Danube channel levee
(green unit) in the northeast. A buried channel-levee system (BSL) is identified in the subsurface (blue unit),
underneath layer A (brown unit). The multiple BSRs (yellow lines) are solely observed in the levees of the BCL.
Time frames for the deposition of the different facies units are adapted from Winguth et al. (2000). Three paleo
seafloors were defined for the modelling of the BGHSZ under paleo conditions (black lines PSF A-C). B: Extent of
the BCL based on seismic data and highlighting the occurrence of more than one BSR.

The corresponding paleo-seafloors for these BSRs are located in a layer between the base of the
Danube levee, and the top of the buried channel-levee system (Figure 4A). According to Winguth et al.
(2000), the age of this layer is in the range of 75 ka to 320 ka and thus spans at least three major
limnic phases of the Black Sea (Manheim and Shug, 1978; Muratov et al., 1978). During these limnic
phases, the sealevel was about 120 – 150 m lower compared to today (e.g. Ryan et al., 1997;
Lericolais et al., 2009), the Black Sea was isolated from the Mediterranean Sea and thus from
seawater inflow, and the bottom water temperature was with about 4°C lower compared to today’s 9°C
(Poort et al., 2005; Soulet et al., 2010).
Three horizons in this layer were defined and picked representing the paleo seafloors which were then
used for modeling the BGHSZ at paleo levels. These paleo seafloors are reasonably spaced at the
top, bottom, and intermediate in the sediment layer. In our 2D model approach, we calculated the
BGHSZ for each of the PSFs under assumed paleo conditions that include a 120 – 150 m lower
sealevel compared to today, and a lower bottom water temperature of 4°C. By varying the temperature
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gradients, we fitted the modelled BGHSZ for the individual paleo seafloors to the paleo-BSRs. The
model shows a good fit for temperature gradients in the range of 35 – 37.5 °C/km.
Our results show that it is possible to link the paleo BSRs to paleo seafloor horizons in the sediment
layer between the Danube levee and the buried channel-levee system (Figure 6). The depositional
history of this layer indicates that the paleo BSRs reflect stages of stable sealevel lowstands under
glacial conditions. The question remains whether the derived temperature gradient for the paleo BSRs
is reasonable. Even though we have to estimate larger errors for the range of the geothermal
gradients, the geothermal gradients are nevertheless higher (35 +/- 5°C/km) compared to the regional
geothermal gradient derived from the shallowest BSR (24.5 °C/km). The results indicate that the paleo
BSRs probably reflect the true geotherm of the Black Sea basin, which is in the range of 32 – 38
°C/km (DSDP core 379A, Erickson and Von Herzen, 1978). We therefore suggest that the thermal
system in the Danube fan still adapts to the change after the last glacial maximum and is not in steady
state. The BGHSZ will probably become shallower over the next tens of thousands of years as the
geotherm increases due to thermal diffusion.

Figure 6: Model results for matching the paleo BSRs with the paleo seafloors. The BGHSZ (red line) is calculated
from the paleo seafloor (PSF, light blue) and compared to the paleo BSRs (dark blue). Model parameters are
described in section 2.2.2.

It is unlikely that gas hydrate still exist above the paleo BSRs, as they would start to dissociate
immediately once they leave the stability field. We suggest that the free gas concentrations at each
paleo-BSR must be low enough for the free gas not to migrate further upwards, but high enough to
cause a clear impedance contrast in seismic data.
2.2.3

Study site 1: Target for potential gas hydrate exploitation

In a water depth of about 1500 m, an anomalous strong reflector was identified in a shallow paleo
channel-levee system, indicating possible gas hydrate formation within coarse-grained channel
sediments and within reach of the MeBo 200 drilling device with a penetration depth of max. 200 m.
The BSR is located in a depth of about 350 – 400 m below seafloor, thus the reservoir is well within
the gas hydrate stability zone. This site was selected as a possible target for gas hydrate exploitation
and consequently studied intensively with high resolution 2D and P-Cable 3D seismic data together
with OBS deployments and CSEM profiles in order to allow structural mapping and physical
description of the channel infill. The possible gas hydrate reservoir is located in a depth of about 60 m
below the seafloor. Geochemical analysis did not show enhanced methane values in the seafloor
sediments, arguing for a sealed hydrate deposit. Multibeam echosounder and Parasound records did
not show any evidence of gas flares (gas bubbles in the water column) either.
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We used the BSR to derive the regional geothermal gradient of the area. In the Black Sea the bottom
water temperature of 9 °C is well constrained and remarkably uniform on regional and temporal scales
(Degens and Ross, 1974; Vassilev and Dimitrov, 2002). A 3D finite-element thermal conductive model
was applied in order to simulate the effects of the complex seafloor topography, which is controlled by
the deep channels and steep levees. Therefore, we used Pecube (Braun, 2003) using the EM122
bathymetric data from the region. In this approach, we tested different temperatures at the bottom of
the model at 15 km depth to represent different regional geothermal gradients. In order to derive the
temperature at the BSR level, we assumed that its location corresponds to the present base of the
hydrate stability zone. We fitted then the methane hydrate phase boundary that was calculated using
the SUGAR toolbox (Kossel et al., 2013). The average temperature gradient was then calculated from
the interval between the seafloor and the shallowest BSR. We picked a geothermal gradient that
agrees with the BSR-derived temperature at a seismic line that goes across the paleo channel-levee
system in the study area. A geothermal gradient of 24.5 +/- 0.5 °C/km fits best in the northeastern area
of the channel, where the slope is gentle and the topographic effects are minimal (Figure 7). Below the
channel and its western levee, we observe an increasing mismatch with the BSR-derived temperature
of up to 2 °C lower compared to the regional temperature field.

Figure 7: Temperature field overlain on the seismic profile shown in Figure 3. The BSR is plotted as a white line.
The BSR-derived temperatures indicate a regional geothermal gradient of ~24.5 °C/km below the northeastern
levee where the topographic effect is expected to be minor. Towards the channel and western levee, the BSRderived temperatures are up to 2°C lower compared to the regional temperature field.

Both, P- and S-wave traveltime modelling cover a depth down to 1.5 km below the seafloor, thus,
providing seismic velocity information far below the BSR. The seismic P-wave velocities increase with
depth from 1600 m/s beneath the seafloor up to 2400 m/s at 1.5 km depth. Forward modelling
provided detailed P-wave and S-wave velocity models with a vertical resolution of 20 m thin layers.
Although gas hydrates and free gas occur in the area covered by OBS stations, the Vp/Vs-ratio does
not indicate a high concentration of gas hydrates. The velocity models indicate areas of gas hydrates
and free gas. While reflectors image their contact boundary, it is difficult to estimate the upper limit and
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the concentration of gas hydrates. Also the lower limit and the concentration of free gas is not possible
to estimate from our modelling. To receive a higher lateral resolution more stations are necessary. The
shallow part shows reflections that indicate the existence of gas hydrates. They seem to occur in
patches of low concentration without free gas. Two strong reflectors at ~250 m and ~450 m below the
seafloor indicate the occurrence of gas hydrates in layers with free gas underneath.
2.2.4

Study site 2: Upbending BSR underneath paleo slump site

In a water depth of about 600 – 700 m in the Romanian sector of the Danube paleo fan, a horseshoeshaped slump site with a total area of 8 km² was observed in bathymetry data (Figure 8). The water
depth coincides with the theoretical upward limit of the methane hydrate stability zone at about 665 m
(calculated for a pore water salinity of 3 in a few meters depth below the seabed). Active gas
expulsions was observed in the form of flares encircling the landslide scar. On a regional 2D seismic
profile, an unexpectedly strong upward bending BSR has been observed underneath the slope failure,
suggesting a possible link between gas hydrate dissociation and slope failure. These observations
lead to the selection of this site for further investigation with high resolution seismic tools, OBS
deployments, heatflow measurements and geo-chemical samples.

Figure 8: Oblique view of the canyon slide showing 45 m-high main headscarp, slide toe, secondary headscarp
and the S2 canyon downward

Warming of bottom waters may lead to gas hydrate dissociation, which results in overpressured
sediment possibly causing slope failures as suggested e.g. for the Hikurangi Margin, New Zealand
(Pecher et al., 2005; Mountjoy et al., 2014). The reconstruction of the BGHSZ for the last glacial
maximum reveals similar upward bending trends as for the present-day BGHSZ, but with a different
14
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outcrop depth (Figure 9). The paleo-BGHSZ crops out in the vicinity of the headwall scarp and
coincides with bright spots observed in seismic profiles across the slide. The modeled BGHSZ for the
present-day conditions outcrops at the foot of the landslide scar. These observations together with
measured reduced temperature gradients support the argument of gas hydrate dissociation and
suggest that free gas might still be trapped within the sediments.

Figure 9: 2D seismic profile showing the modeled BGHSZ for the LGM (dotted green line), the modeled presentday BGHSZ (dotted red line) and the observed BSR (orange line).
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3.

Geotechnical characterization of hydrated sediments, field work

3.1

In situ geotechnical sounding with the Penfeld penetrometer

3.1.1

Details of the Penfeld Penetrometer

The Penfeld penetrometer is a seabed rig developed by Ifremer to ensure piezocone penetration at a
constant rate of 2 cm/s down to 30 m below seabed (Sultan et al., 2007, Figure 10). The piezocone
continuously measures the tip resistance (qc), sleeve friction (fs) and penetration-induced pore
pressures (Δu2) (Figure 10). The cone has a projected area of 10 cm ² with an apex angle of 60°. The
friction sleeve is 15 cm long and 3.6 cm in diameter.

Figure 10: Illustration of the Penfeld penetrometer used to carry out piezocone sounding.

Two different load cells are used to measure the tip resistance and sleeve friction. Pore pressure is
measured with a differential pressure sensor located immediately behind the cone (u2 position).
Because the piezocone is compensated so that the inside pressure is equal to the hydrostatic water
pressure outside, excess pore pressure values (Δu2) allow to obtain values of corrected tip resistance ,
qt, using the following equation:
𝑞! = 𝑞! + (∆𝑢! − 𝑢! )
Where uh is the hydrostatic water pressure.
3.1.2

Piezocone soundings in the Black Sea

A total number of 43 piezocone soundings have been completed with the Penfeld penetrometer in the
Romanian sector of the Black Sea (Figure 10) during the GHASS cruise. Twenty one of them were
located deeper than 721 m water depth which corresponds to the theoretical limit of the methane
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hydrate stability zone, considering sea bottom temperature and salinity of 9.1°C and 22.3 g/L,
respectively (Bialas, 2014). All these 21 sites were also located above a bottom simulating reflector
mapped (Bialas, 2014) and considered as an additional evidence for the possible occurrence of gas
hydrates in sediments (Figure 11). Despite the number of sites investigated with the Penfeld
penetrometer, attention is drawn here to the single site, GAS-CPTu-07-S04, where peculiar piezocone
readings could have been unambiguously reconciled with direct observations of gas hydrates in core
GAS-CS14 (see location in Figure 3). This site is located by 729 m water depth, at the top of a
bathymetric high running N-S along a distance of 3 km with a maximum height above the surrounding
area of about 50 m (Figure 10).
Few gas hydrates nodules were observed from 1 m to 4 m depth in core GAS-CS14 (Figure 12). The
biggest of them reached 5 cm long (Figure 13). The fact that clayey sediments in the 1-4 m depth
interval appeared severely damaged suggested that more than few nodules of gas hydrates were
present in situ. Those that could not be observed on-board were probably smaller and dissociated
faster during core recovery. Analysis of the first two sections of core GAS-CS14 did not reveal a
similar degree of damage, suggesting that gas hydrates did not occur in the uppermost meter of
sediment. Carbonate Concretions are however observed within the first 5 cm of core GAS-CS14
(Figure 12). Those were taken as evidences for previous gas circulation up to the sea surface at this
site.
In order to emphasize how the presence of gas hydrates affects the geotechnical properties of
sediment, comparisons have been made with the piezocone data obtained at a reference site (GASCPTu05-S07 in Figure 11) located in a flat area, about 1.5 km away from site GAS-CPTu-07-S04. In
table 1 presenting the characteristics of piezocone soundings, it appears that GAS-CPTu-07-S04
halted prematurely at 6.88 m depth below seabed, well before the maximum penetration of 30 m
afforded by the Penfeld penetrometer. The halt in penetration was due to an alarm indicating that pore
pressures exceeded the sensor measurement range.

Piezocone

Date

Lat° N

Long° E

Water
depth
[m]

Penetration
[m]

Cause of the
refusal

GAS-CPTu05S07

E3P3

21/09/15

43.931402

30.835220

876

30.00

-

GAS-CPTu07S04

E3P3

25/09/15

43.939347

30.850726

729

6.88

Excess pressure

Reference
name

Table 1: Summary of the characteristics of the piezocone soundings analysed in this report.
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Figure 11: Top: Bathymetry map of the Romanian sector of the Black Sea showing the location of piezocone
soundings carried out during the GHASS cruise (September 2015). The -721 m isobath (in red) indicates the
theoretical landward limit of the methane hydrate stability zone. Bottom: Close-up showing the piezocone
sounding at reference site GAS-CPTu-05-S07 and the GAS-CPTu-05-S07 sounding carried out where gas
hydrates were recovered in core GAS-CS14.
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Figure 12: Pictures of the 7 sections of core GAS-CS14.

Figure 13: Close-up showing a gas hydrate nodule surrounded by severely damaged clays in core GAS-CS14.
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3.1.3

Comparison of Piezocone results

The piezocone profiles obtained where gas hydrates were recovered (GAS-CPTu07-S04) and at the
reference site (GAS-CPTu05-S07) are compared in Figure 14. It reveals that, from the seabed down
to 1 m depth, the profiles of the two soundings tend to follow the same trend, thus suggesting that
sediment is of similar nature at both sites. On the qt and fs profiles of GAS-CPTu07-S04, this trend is
punctuated by spikes at 10 cm depth which correlate with the presence of carbonate concretions
observed in core GAS-CS14 (Figure 12).

Figure 14: Depth profiles of corrected tip resistance, qt, sleeve friction, fs and excess pore pressure Δu2 from
soundings GAS-CPTu05-S07 and GAS-CPTu07-S04.

Below the uppermost meter, values of corrected tip resistance, qt, sleeve friction, fs, and pore pressure,
Δu2 are significantly higher for GAS-CPTu07-S04 compared to GAS-CPTu05-S07. The abrupt
increases observed on all GAS-CPTu07-S04 readings from 1 m depth correlates well with inferences
for the presence of gas hydrates at the same depth in core GAS-CS14 (Figure 12 & Figure 14).
Although GAS-CPTu07-S04 readings strongly oscillate, comparison with those of GAS-CPTu05-S07
points out that the presence of gas hydrates is, on average, associated with a 10 fold increase in qt
and Δu2 for a 5 fold increase in fs.
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3.2

Derivation of geotechnical properties from piezocone results

Piezocone readings can be used either separately or together for deriving geotechnical properties
through empirical correlations. Although an improved set of correlations has been developed over the
last 20 years for a wide range of soils, their reliability and applicability vary according to precedent and
local experience. The properties derived from piezocone sounding in gas hydrate-bearing sediments
must thus be treated with caution due to the lack of statistical study on this soil type. Examination of
the soil behaviour classification chart (Figure 15) suggests that, although ‘unusual’, gas hydratebearing sediments behave in the same way as stiff and sensitive clays. This motivated the application
of existing empirical correlations developed to derive properties of undrained soils from both GASCPTu05-S07 and GAS-CPTu07-S04 soundings. Based on the syntheses by Robertson (2012) and
Mayne (2014) it was estimated that effective yield stress, constrained modulus, peak undrained shear
strength and strength sensitivity are the properties that can be reliably derived from sounding GASCPTu05-S07 at the reference site where usual clay sediments have been encountered (Figure 16).
Derivation of similar properties in gas hydrate-bearing sediments have been carried out, keeping in
mind that they can currently only be considered as approximate (Figure 16).

Figure 15: Piezocone data plotted in the Qt-Δu2/σ’v0 classification chart from Schneider et al., (2008).
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Figure 16: Depth profiles of material index, Ic, yield stress ratio, YSR, constrained modulus, M, peak undrained
shear strength, Su, and strength sensitivity, St of soundings GAS-CPTu05-S07 (purple) and GAS-CPTu07-s04
(blues).

Following the approach developed by Robertson (2009), the material index Ic can be used for
classifying soil type (Figure 16). The classification relying on Ic agrees with that presented in Figure 15
for GAS-CPTu05-S07 by highlighting an undrained clay behaviour. There is however a striking
discrepancy between the two classifications for GAS-CPTu07-S04 since values of Ic suggest a drained
response of gas hydrate-bearing sediments while the classification chart by Schneider et al., (2008)
(i.e. Figure 15) pointed out a fully undrained response. This is attributed to the ‘unusual’ nature of gas
hydrate bearing sediments and their low friction ratio compared to typical clays, since the classification
based on normalised excess pore pressure is undoubtedly best suited to determine whether
penetration occurred under drained or undrained conditions. Although this warrants caution when
interpreting geotechnical properties obtained with Ic in the presence of gas hydrates, comparison of
the yield stress ratio (YSR) profiles obtained for GAS-CPTu05-S07 and GAS-CPTu07-S04 is
coherent. Indeed, the fact that values of YSR are almost constantly above 10 for GAS-CPTu07-S04
can be reconciled with results from pressure core analysis revealing that hydrates contribute to
stiffening of clayey sediments (Figure 16; Yun et al., 2010 and 2011). The stiffening effect explains
why the constrained modulus of gas hydrate-bearing sediments (GAS-CPTu07-S04) is 20 to 40 times
higher than that of reference sediments (Figure 16). This indicates that the compressibility is
significantly reduced in the presence of hydrates in agreement with the results presented by Lee et al.
(2010) and Sultan et al. (2010). Given the trend in response of the gas hydrate-bearing sediments in
Figure 15 and the lack of experience with this ‘unusual’ soil type, it was judged most appropriate to
estimates upper and lower bounds for their peak undrained shear strength rather than deriving a
single profile. Even the most conservative estimate (i.e. lower bound indicated by the blue curve in
Figure 16) reveals that the presence of gas hydrates is associated with a 5 to 14 fold increase in peak
undrained shear strength compared to the reference site. By taking the most conservative estimate for
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the peak undrained shear strength, the strength sensitivity is calculated to be of the order of 2.5 higher
in hydrate-bearing sediments.
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4.

Geotechnical characterization of hydrated sediments, laboratory
studies

4.1

Materials and Methods

4.1.1

Sediment

All laboratory experiments were carried out with sediment samples prepared from quartz sand (initial
sample porosity 0.35, grain size 0.1 - 0.6 mm, G20TEAS, Schlingmeier, Schwülper, Germany) to
achieve comparable results in repeated experiments. Supporting studies with natural sandy sediments
from Black Sea were not conducted because the material was not available at the time of these
studies.
4.1.2

Triaxial studies

Experimental setup and components: Experiments were carried out in the custom-made highpressure apparatus NESSI (Natural Environment Simulator for Sub-seafloor Interactions, Deusner et
al. 2012), which was equipped with a high-pressure triaxial cell mounted in a 40 L stainless steel
vessel (APS GmbH Wille Geotechnik, Rosdorf, Germany). All wetted parts of the setup are made of
stainless steel. Saltwater medium was supplied from reservoir bottles (DURAN, Wertheim, Germany)
using a HPLC pump S1122 (SYKAM, Fürstenfeldbruck, Germany). Pressure was adjusted with a
back-pressure regulator valve (TESCOM Europe, Selmsdorf, Germany). Experiments were carried out
in upflow mode with injection of CH4 gas and seawater medium at the bottom of the sample prior and
after gas hydrate formation (Figure 17a), and fluid discharge at the top of the sample during
depressurization (Figure 17b). Similarly, focused CH4 injection into water saturated sediments prior to
shear tests was achieved in upflow mode in accordance to natural gas seepage scenarios (Figure 18).
Axial and confining stresses, and sample volume changes were monitored throughout the overall
experimental period. Pore pressure was measured in the influent and the effluent fluid streams close
to sample top and bottom. The experiment was carried out at constant temperature conditions.
Temperature control was achieved with a thermostat system (T1200, Lauda, Lauda-Königshofen,
Germany). On-line continuous analysis of the fluid composition was done with Raman spectroscopy
using custom made high-pressure flow-through cells attached to a Horiba Jobin Yvon iHR320 Imaging
Spectrometer. The sample fluid was excited in intervals of 120 s using a 125 mW 532 nm Nd:YAG
Laser. Produced gas mass flow was analyzed with mass flow controllers (EL FLOW, Bronkhorst,
Kamen, Germany). For control purposes, bulk effluent fluids were also collected inside 100 L gas tight
TEDLAR sampling bags (CEL Scientific, Santa Fe Springs CA, USA). The sampling bags were
mounted inside water filled sampling containers. After expansion of the effluent fluids at atmospheric
pressure, overall volume was measured as volume of displaced water from the containers.
Sample preparation and mounting: The sediment sample was prepared from quartz sand, which
was mixed with deionized water to achieve defined water saturations. The thoroughly homogenized
sediment was filled into the triaxial sample cell equipped with a Viton sleeve to obtain final sample
dimensions of 160 or 380 mm in height, and 80 mm in diameter. Sample geometry was assured using
a sample forming device. The sample was cooled to 2 °C after the triaxial cell was mounted inside the
-11
2
pressure vessel. Initial water permeability of gas hydrate-free sediment was 50 x 10 m .
Gas hydrate formation (homogeneous): Prior to gas hydrate formation the sediment sample was
isotropically consolidated to 1 MPa effective stress under drained conditions. The sample was flushed
with CH4 gas and, subsequently, pressurized with CH4 gas. During pressurization with CH4 gas and
throughout the overall gas hydrate formation period, formation stress conditions of 1 MPa effective
stress were maintained using an automated control algorithm. The formation process was
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continuously monitored by logging the CH4 gas pressure. Mass balances and volume saturations were
calculated based on CH4 gas pressure and initial mass and volume values. After gas hydrate
formation was completed after approximately 5-7 days, the sample was cooled to -5 °C and stress
control was switched to constant total isotropic stress control before the sample pore space was depressurized to atmospheric pressure and remaining CH4 gas in the pore space was released. System
re-pressurization and water saturation of pore space was achieved by instant filling and repressurization with pre-cooled (-1 °C) saltwater medium according to seawater composition. Hydrate
dissociation during the brief period of depressurization was minimized by taking advantage of the
anomalous self-preservation effect, which reaches an optimum close to the chosen temperature (Stern
et al. 2003). After completion of gas – water fluid exchange, the sample temperature was re-adjusted
to 2 °C.
Depressurization and gas production: The sample pore space was de-pressurized and gas
produced by stepwise decrease of back pressure at constant isotropic total stress. Overall fluid
production (water and CH4 gas) was monitored after de-pressurization at ambient pressure after
temperature equilibration.

Figure 17: Simplified flow schemes for relevant experimental periods, a) gas hydrate formation; b)
depressurization and gas production

Gas hydrate formation (heterogeneous) and shear tests: Similar to experiments with
homogeneous gas hydrate saturations, the fully water-saturated sediment sample was isotropically
consolidated to 1 MPa effective stress under drained conditions. At constant isotropic effective stress
the pore water pressure was increased to approximately 10 MPa. Gaseous CH4 was injected from a
reservoir (0 °C) at a volume flow rate of 5 mL / min until gas breakthrough occurred, and no water was
observed in the effluent. Drained consolidated shear tests were conducted at a constant shear rate of
0.1 mm/min immediately after CH4 injection was stopped. Shear tests had to be stopped below
reaching a maximum of 10 MPa deviator stress because of system limitations.
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Figure 18: Simplified flow scheme for focused gas injection tests

4.1.3

MRI experiments

Magnetic Resonance Imaging (MRI) is a technique that can generate spatially resolved data of
optically opaque samples. Hence, it can be used to investigate the morphology of sediment samples.
MRI is mainly suitable for the imaging of liquid phases. That means that the pore water distribution in
sand samples can be visualized. The presence of gas hydrates and gas inclusions can be deduced
from the presence of a reduced water signal or the total absence of a water signal. Gas and gas
hydrate can be distinguished by including knowledge about the evolution history of the sample into the
data interpretation process. Furthermore, in the absence of a dominant water signal, highly
compressed gases can also be made visible by MRI. We used a 400 MHz Bruker Avance III NMR
spectrometer with microimaging capabilities (Bruker Biospin, Rheinstetten, Germany) to investigate
gas hydrate formation and gas distribution in quartz sand samples. The typical minimum resolution of
this setup is about 50 µm. Since this resolution is larger than the minimum pore size in our sand
samples, we chose resolutions of a few 100 µm in order to average over several pores and grains.
Quartz sand was compacted within a 12 cm long sapphire tube with a diameter of 12 mm.
Subsequently, a vacuum pump was used to remove the air from the sample and to suck in deionized
water. This procedure ensures that the sample is gas free at the beginning of the experiment. The
sample cell was then pressurized to 12 MPa and cooled to 5°C. CH4-saturated water was pumped
through the sample and CH4 hydrates were formed from the gas-saturated liquid phase. Again, this
protocol ensured the absence of free gas in the sample. Multi slice images of the sample were
recorded with a temporal resolution of 2 minutes during gas hydrate formation. Since the field of view
(FOV) of the measurement has a length of 3-4 cm, it was not possible to image the full sample length
with this temporal resolution. Instead, a sub-volume of the sample was chosen for time series imaging.
Additionally, the complete sample was imaged piecewise before gas hydrate formation started and
after gas hydrate formation was finished. The experiment was run until the flow resistance due to gas
hydrate formation became so large, that upstream pressures exceeded 15 MPa. Then, the fluid flow
was automatically terminated and the gas hydrate distribution was characterized. Gas hydrate
saturations SH were calculated from the difference of the normalized signal intensities of the gas
hydrate free sample I0 and the sample with gas hydrates I:
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SH =

I0 − I
I0

Gas hydrates were dissociated by thermal stimulation and the absence of water signal in parts of the
sample volume could then be related to gas inclusions in the sediment pore space.
4.1.4

Numerical simulation

The mathematical model is described in detail in Gupta et al. (2015). A summary of the governing
equations and the constitutive relationships is given in Table 2. The phases occupying the pore space
(gaseous, aqueous, hydrate) are denoted by 'β' = g,w,h respectively, the mobile phases (gaseous and
aqueous) are denoted by 'α' = g,w, and the mobile molecular components are denoted by 'κ' =
CH4,H2O. The solid matrix is designated with the subscript 's'. The sand+hydrate composite solid
matrix is designated with the subscript 'sh'. 'γ' is used to denote all phases, i.e., = g,w,h and s.
Primary variables: The mathematical model consists of the following 6 governing equations: the
mass balance Eqns. (1,2,3,4), the momentum balance Eqn. (7) for the composite-solid, and the
energy balance Eqn. (8). The momentum balance Eqns. (5,6) for the mobile phases
'α' = g,w give the α -phase velocities directly, and are thus absorbed in the mass and energy balance
equations. We chose the following set of variables as the primary variables: the gas phase pressure
Pg, the aqueous phase saturation Sw, the hydrate phase saturation Sh, the temperature T, the totalporosity φ, and, the composite-matrix displacement u. All other variables can be derived (explicitly or
implicitly) from this set of variables using the closure and constitutive relationships.
Solution strategy: We use an iteratively coupled solution strategy. The mathematical model is
decomposed into three parts:
1. transport-block (Ff), comprised of the mass balance equations for CH4, H2O, and gas
hydrate, and the energy balance equation,
2. geomechanical-block (Fg), comprised of the momentum balance equation for composite
solid phase, and
3. porosity-equation (Fφ), comprised of the mass balance equation for the sand phase.
Ff is solved for the variables Pg, Sw, Sh, and T, Fg is solved for displacements u, and Fφ is solved for
total porosity φ. Ff and Fφ are spatially discretized using a fully upwinded cell centered finite volume
method. Orthogonal grids aligned with the principal axes are defined and a control-volume formulation
with two-point flux approximation (TPFA) is used. Fg is discretized using Galerkin finite element (FEM)
method defined on Q1 elements. An implicit Euler time-stepping scheme is used for marching forward
in time. The solution for a given time step involves two iterative loops, the inner loop and the outer
loop. The inner loop uses Newton's method and SuperLU (Demmel et al. 1999) linear solver to solve
each of Ff , Fg and Fφ, thus taking care of the decoupled solution. The outer loop re-introduces the
coupling between Ff , Fg and Fφ through a block Gauss Seidel iterative scheme. The numerical
scheme is implemented in the C++ based DUNE-PDELab framework (Dedner et al. 2012), and is
capable of solving problems in 1D, 2D and 3D domains.
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Table 2: Summary of the model

4.2

Results and discussion

4.2.1

Small strain mechanical properties in response to dynamically changing gas hydrate
saturations

It is generally agreed on that the distribution of gas hydrates and the gas hydrate-soil skeleton has
marked influence on strength and stiffness behavior, such that gas hydrates formed in gas-saturated
soil increase stiffness and strength already at low gas hydrate saturations whereas pore filling gas
hydrates formed in water-saturated soils only become effective at higher gas hydrate saturations (≈
0:4-0.5) (Waite et al. 2009). For several reasons, the knowledge about mechanical properties of gas
hydrate-bearing sediments is still very limited, and prediction of yield and deformation behavior is
problematic. First, gas hydrate-sediment fabrics are dependent on multiple factors, and even minor
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variations have large effects on mechanical properties. Second, experimental studies for evaluation of
mechanical properties are complicated and it is under debate, to what extent gas hydrate-bearing
sediments used for laboratory studies are representative for natural sediments. Third, gas hydratesediment fabrics during gas hydrate production change dynamically and as a result of strong thermohydro-chemo-mechanical coupling. In the recent past, deformation of gas hydrate-bearing sediments
under deviatoric loading, and dynamic stress-strain behavior during depressurization or thermal
stimulation was studied in triaxial experiments (Hyodo et al. 2013, 2014a, Song et al. 2014, Ghiassian
and Grozic 2013). Further, there have also been the first attempts to carry out studies on undisturbed
pressure cores, which will clearly advance the field towards a much better understanding of the
mechanics of the gas hydrate-bearing soils (Inada and Yamamoto 2015, Santamarina 2015, Yoneda
et al. 2015).
To analyze dynamic stiffness changes relevant for predicted small strain deformation behavior during
gas production from gas hydrates in the Danube deep sea fan (compare to D1.6, Vanneste et al.,
2016), gas hydrate formation and dissociation experiments were carried out under isotropic effective
loading. We performed controlled volumetric strain tests on soil sample in which CH4-hydrate is first
formed under controlled effective stress and then dissociated via depressurization under controlled
total stress (Figure 19). We assume that this is representative for natural settings in which gas
hydrates have been formed at increased hydrostatic pressure but in relatively shallow, unconsolidated
sediments at low effective stress, and depressurization is carried out under drained conditions without
changing the sediment and bulk fluid overburden, thus assuming gas hydrates being located in a
highly permeable formation, which is confined by sediment regions of much lower permeability.

Figure 19: Overview of gas hydrate formation and depressurization tests under controlled effective stress
conditions

Gas hydrate in our experiment was initially formed by pressurizing partially water-saturated sand with
gaseous methane to reach a gas hydrate saturation of 0.4, and remaining methane gas was replaced
with seawater before the sample was depressurized stepwise. Confining and axial loads in triaxial
testing are applied isotropically and controlled in a suitable manner to keep the deformation of the
sample small; shear loads are not applied. Under these constraints we assume concepts of poro30
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elasticity to be essentially valid. Based on this assumption, we used a simple numerical modelling
approach to describe composite Young’s modulus Esh, as being dependent on additive contributions of
soil and gas hydrate stiffness, respectively. Young’s modulus was treated as a free fitting parameter
and initialized based on apparent stress-strain behavior during intervals of known and constant gas
hydrate saturations, and by that physically meaningful values for individual moduli Es and Eh for
sediment and gas hydrate phases were obtained. Young’s modulus Es for the sediment without gas
hydrate reflected stiffness behavior typical for loose soil during gas hydrate formation while the sample
was normally consolidated at low effective stress. In contrast, during the period of gas hydrate
dissociation, gas hydrate-free sediment behaved like dense soil. An apparent step–like change of Esh
from 132 MPa to 183 MPa between gas hydrate formation and depressurization periods was
presumably caused by transient high effective stress during gas-water exchange at the end of the gas
hydrate formation period, thus the gas hydrate-soil composite became stiffer without formation of
additional gas hydrate. The composite modulus Esh depends almost linearly on gas hydrate saturation
Sh during gas hydrate formation, while during the hydrate dissociation period the dependence of Esh
on Sh is smaller. Our simulation results indicate that an exponent c = 3 is a reasonable approximation
(Figure 20). Santamarina and Ruppel (2010) suggest that Sh tends to be raised greater to a power
larger than 1, which reduces the impact on stiffness at low gas hydrate saturations relative to that for
high gas hydrate saturations.

Figure 20: Parameterization of formulation Young’s modulus at a function of gas hydrate saturation

Since we expect that gas hydrates formed in our procedure are predominantly located in the pore
throats rather than in the free pore space, the linear and relatively strong dependence of Esh on Sh
appears reasonable. Under the initial conditions of only partial water saturation of the soil, formed
CH4-hydrate is assumed to contribute to the stiffness of the soil skeleton even at low gas hydrate
saturations. This effect is further enhanced in weakly consolidated sediments, in which stiffness of the
soil itself is low. The weak dependence of Esh on gas hydrate saturation during dissociation appears
also reasonable, since after exchanging gas with water in the pore space, gas hydrate-sediment
fabrics will be steadily altered, and also during dissociation the grain-scale hydrate-soil structure is
presumably changed. The mechanical implications of these structural transitions in gas hydratebearing soils during gas hydrate aging and dissociation are important issues.
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Our results confirm that gas hydrates increase strength and stiffness of gas hydrate-bearing
sediments already at low gas hydrate saturations. With increasing gas hydrate saturations, also the
contribution to sediment volume becomes substantial. During natural gas production by means of
depressurization, gas hydrate dissociation is rapid, and gas hydrate saturations are changed on short
time scales. Thus, even in the most simple and least critical production scenarios, composite sediment
deformation during gas production would be influenced from effective stress changes, change of solid
mass owing to gas hydrate dissociation and variable stiffness, with phenomena being strongly coupled
and dynamic. Our results clearly show that dynamic structural transitions in gas hydrate-bearing
sediments during gas hydrate formation, aging and dissociation can have substantial effects on
sediment mechanical properties (Figure 21).

Figure 21: Scheme illustrating changes in gas hydrate-sediment fabrics. During formation, gas hydrates are
assumed to be preferentially located in narrow pore throats, and thus gas hydrates are acting as a load-bearing
and stiffening component. During fluid exchange and dissociation, gas hydrate-sediment fabrics are dynamically
changed, and the load-bearing capacity is reduced. The apparent changes in Young’s modulus are expressed in
different parameterizations of the chosen constitutive relation.

4.2.2

Gas migration behavior after gas hydrate dissociation and corresponding gas holdup
characteristics

Characteristic for the formation of gas hydrates in laboratory samples from a gas-saturated water
phase is the inhomogeneity of the gas hydrate distribution. The gas hydrate nucleation is a stochastic
process and it cannot be controlled, when and where the formation starts. The gas hydrate patch, that
starts growing from the nucleus, is always expanding against the flow direction of the feed fluid. If
more than one nucleus is appearing, multiple gas hydrate patches are present in the sample until they
eventually merge during the growth process. When a gas hydrate patch is reaching the boundaries of
the gas hydrate stability region, it cannot grow further and instead of a spatial expansion, the local gas
hydrate saturation increases. Since the gas availability is severely limited due to the low solubility of
gas in the water phase, a constant feed of fresh gas-saturated fluid is mandatory for maintaining the
growth process. On the other hand, gas hydrate formation reduces the hydraulic conductivity of the
sample and the fluid flow will be blocked, if the gas hydrate saturation becomes too large. Therefore,
gas hydrate formation comes to an end, when the existing gas hydrates block the sample efficiently.
At this stage, the gas hydrate distribution is usually still patchy. Figure 22 visualizes different types of
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gas hydrate formation in a quartz sand sample: The stop of fluid flow and therefore the end of gas
hydrate formation can be either reached by several gas hydrate patches with medium gas hydrate
saturation or by a single patch with high gas hydrate saturation. A high fluid flow velocity, on the other
hand, restrains gas hydrate formation and a flow channel with fast flow velocities might remain gas
hydrate-free, while gas hydrates form at zones with restricted flow. The observed gas hydrate patterns
are related to advective flow phenomena in the sample. Gas transport in natural samples can also be
diffusive, but diffusive transport of gas molecules is so slow, that this formation mechanism is not
suitable for laboratory experiments, which have typical durations of days to weeks. Consequently,
laboratory-formed gas hydrates that precipitate from gas-saturated aqueous solutions are always
inhomogeneous and need to be characterized for a proper interpretation of sample properties. This
can be done by using tomographic techniques like MRI, X-ray computed tomography (X-ray CT) or
electric resistivity tomography (ERT).
When gas hydrates are dissociated, the stored gas molecules are set free and local gas
concentrations above the gas solubility in the water phase are generated. Consequently, a gas phase
appears in the sediment pores. This gas phase exhibits an overpressure with respect to the present
hydrostatic pressure. The magnitude of the overpressure depends on the amount of dissociated gas
hydrates and on the actual gas pressure, since gas has a relatively high compressibility. This
overpressure drives a redistribution of the gas phase in the sediment. Gas migration in sandy
sediments occurs by capillary invasion of the gas into the pore space. The gas invades a neighboring
pore, if the overpressure (capillary pressure) of the gas phase exceeds the capillary entry pressure of
the pore throat. Larger pore throats are more easily overcome by the gas phase than small pore
throats. Hence, the gas migration is occurring preferentially along the larger pore throats, if the
capillary pressure is not large enough to overcome the smaller pore throats. If the capillary entry
pressure of the pore throats becomes too large, the gas phase cannot pass it. The gas is trapped until
the capillary pressure is high enough to actually move the sediment grains and create a fracture. This
would be a typical behavior for silt and clay sediments. Figure 23 shows a MRI time series of
dissociating gas hydrate. Since gas hydrates and gas are present at the same time in the sample, it is
not possible to distinguish between the two phases. Therefore, the initial gas hydrate distribution is
shown in each of the images, despite the fact, that it dissociates over time and is replaced by gas and
water. It can be seen, that gas is formed in small bubbles on the gas hydrate surface, collects in the
vicinity of the gas hydrate patch and then rises upwards, partly in preferential pathways. The gas
migrates until it is trapped at the transition from the conical polymer cap of the sample tube and the
cylindrical sapphire tube. This trapping mechanism is specific for this particular experimental setup,
but also in natural samples, inhomogeneities in the geologic matrix can act as gas traps or pathways
of enhanced gas migration. Figure 24a shows a gas distribution after gas hydrate dissociation in a
section of the cylindrical part of the sample. It can be seen, that the further the gas rises, the less
homogeneous is the gas distribution. The reduction of the capillary pressure due to the spreading of
the gas phase enables only a migration along larger pore throats and the gas is distributed in a fractal
pattern. At the time when the image was taken, the gas in the sample was immobile, i.e. it was
trapped in the sediment and did not rise further. Figure 25 shows the total gas distribution in the
complete cylindrical part of the sample. Again, it can be seen that the fractal dimension of the gas
phase distribution is getting smaller towards the upper end of the sample and that gas migration
obviously came to an end with a relatively large quantity of gas still being present in the sample.
Especially if the initial gas pressure was not large enough to mechanically weaken the sediment, sand
provides an efficient hold-up for gas quantities in the order of the free pore space volume. A very fast
and voluminous gas discharge, on the other hand, can create to some extent fractures and facilitate
gas migration. If pressure-driven gas migration in the sediment is stalled, the gas will only be removed
from the pore space by gas dissolution in a water phase that is undersaturated with respect to the gas
of interest. In the absence of advective fluxes, the dissolved gas has to be transported away by
diffusive processes, which is a comparatively slow process. This is especially true, if the gas phase
fills the entire pore space and is in contact with the water phase only at the outer boundaries of its
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occupied volume. Hence, the retention time of free gas in sediment after gas hydrate dissociation can
be large. An impression of gas dissolution dynamics is given in Figure 24. Here, the sample was
flushed with CH4-free deionized water with a flow rate of 2 ml/min for 20 hours. Since the aqueous
phase is undersaturated with respect to CH4, gas molecules from the gas phase dissolve in the water
phase and the amount of gas in the sample is reduced. Obviously, a more compact gas distribution is
dissolved to a smaller extent than a more fractal and finger-like gas distribution. The governing factor
here is the surface to volume ratio, since the water/gas contact is restricted to the surface of the gas
inclusion. Although the liquid phase in the sample is completely exchanged by fresh fluid in less than 5
minutes and the process is maintained for 20 hours, which corresponds to several hundred fluid
volume replacements, a gas phase is still present in the sample.

Figure 22: Different types of gas hydrate formation from a CH4-saturated water phase: a) Formation from several
independent nucleation events that occurred at similar times, b) Formation with one main nucleation event with
heavy gas hydrate accumulation at the gas hydrate stability boundary, c) gas hydrate formation during fast fluid
flow where a distinct flow channel can be observed that remains to a large extend gas hydrate-free.

Figure 23: 3D representation of gas bubbles (green) emerging from dissociating CH4 hydrate (white) in quartz
sand before and 9, 19, 28, 38, 57 and 76 minutes after start of gas hydrate dissociation (from left to right). The
leftmost image shows the volume of the sample tube in light grey. The displayed field of view is 2.3 x 1.3 x 1.3
3
cm .
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Figure 24: MRI of immobile gas (black) in a quartz sand sample after gas hydrate dissociation. Shown is a 0.5
2
2
mm thick slice of the sample, with a field of view of 3 x 1.3 cm and an image resolution of 0.23 x 0.23 mm . a):
Initial gas distribution; b) Gas distribution after 20h of flushing with undersaturated water.

Figure 25: 3D representation of gas distribution (orange) after gas hydrate dissociation in a quartz sand sample.
Sample length: 8 cm, sample diameter: 1.2 cm.
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4.2.3

Potential effects of local vertical gas migration and gas hydrate formation on sediment
mechanical properties

Gas accumulation and hold-up is common in Black Sea sediments, and vigorous degassing was
observed during analysis of sediment cores on research cruises MSM34 (Bialas 2014) and GHASS
(Ker, 2015). The presence of free gas can induce substantial weakening of marine sediments, which is
considered as one major factor for marine slope instability. Mechanical weakening occurs when
buoyant gas accumulates in fine-grained sediments with limited permeability, and locally creates
excess pore pressure and, thus, causes a release of effective stress. As described in section 0, the
region of the Danube deep sea fan is characterized by gas seepage and the occurrence of numerous
gas flares in the vicinity of apparent slope failure or sediment subsidence features. Some of these
features of apparent slope failure were located at water depths corresponding to the gas hydrate
stability boundary at given bottom water temperature and salinity (Bialas 2014). It was observed that
multiple gas flares were located within the zone of slope failure or sediment subsidence, whereas
flares frequently appeared to be situated close to the failure surface (Figure 25). Strikingly, flares
occurring downslope at greater water depths were rare, which suggests that gas seepage is effectively
limited by gas hydrate formation. The presence of gas hydrates in near-surface sediments in the Black
Sea was proven through direct observation in sediment samples obtained through coring using both
gravity cores and Calypso cores during GHASS cruise. Based on these observations, it is
hypothesized that slope failures or sediment subsidence could be related or even triggered by gas
hydrate dissociation, gas charging or focused gas migration.
Gas migration, as it is typically observed at seeps, is considered to occur through locally disturbed
sediments. It was previously shown that sediment mechanical stiffness and strength close the watersediment interface, i.e. at very low effective stress conditions, is substantially reduced in gas migration
pathways compared to undisturbed sediments (Boudreau, 2012). However, the relevance of focused
gas migration for sediment mechanical properties on larger scales is still unknown. It can be assumed
that focused gas flow through fine-grained cohesive sediments (e.g. clay) has larger effects on
sediment mechanical strength than gas migration through coarse cohesion-less sediments (e.g. sand).
Gas migration in fine-grained low-permeability sediments is associated with fractures, and reduced
tensile strength induced by fracturing would necessarily result in local weakening. However, gas
migration in coarse-grained sediments with high permeability is not necessarily associated with
sediment fracturing and, thus, expected to influence sediment mechanical integrity only to a limited
extent. The potential role of gas hydrates in surface subsidence or slope failure is far less clear. It is
well known that the presence of gas hydrates increases stiffness and strength of marine sediments.
After gas hydrate dissociation, the residual strength of former gas hydrate-bearing sediments is similar
to gas hydrate-free sediments. Today, only one study suggests that residual strength is lower
compared to gas hydrate-free sediments (Hyodo et al., 2014b). It was suggested that thermally
induced gas hydrate dissociation in response to bottom water warming might have induced slope
failure events in the geological past. Combined geomechanical effects of gas hydrate formation from
two phase fluid flow and upward gas migration has not been studied so far, and, thus, our
experimental studies were focused on understanding the mechanical effects of gas hydrate formation
at gas seeps, as well as effects of dissociation of these non-evenly distributed gas hydrates. Further,
laboratory tests were conducted to reveal potential mechanisms or contributions.
It was shown, that injection of CH4 into water-saturated sandy sediment causes only partial
replacement of pore water, and presumably results in the development of discrete gas migration
pathways. CH4 was observed at the effluent outlet after approximately 20% of water has been
replaced. Once gas breakthrough was recorded, no further water was observed in the effluent. Gas
hydrate formation after injection of CH4 was rapid, and permeability was substantially decreased
already even during CH4 injection and at continuous gas flow conditions. Complete loss of
permeability and blocking of pore space was observed in some cases. Rapid gas hydrate formation
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was associated with substantial increase in sediment strength. This was confirmed in shear tests,
which were carried out immediately after CH4 injection was stopped Figure 26a). The sediment
strength was increased up to three-fold compared to gas hydrate-free sandy sediment, but varied
between repeated experiments. This indicates that the gas hydrate distribution in the sediment was
not homogeneous. Further during shear tests, hardening behavior was observed after apparent
occurrence of transient failure, which further confirms heterogeneous gas hydrate distributions and
ongoing and dynamic gas hydrate formation. Similar to strength properties, volumetric strain behavior
under axial compression varied considerably, and both compressive and dilative behavior was
observed (Figure 26b). The large strain response suggests that overall deformation has distinct
contributions from gas hydrate-bearing and gas hydrate-free sediment zones. The rapid increase in
strength and decrease in permeability, however, suggests that gas hydrates act as load-bearing
component, and it is likely that massive gas hydrate is formed at the gas-water interface surrounding
gas migration pathways.

Figure 26: Strength and volumetric strain behavior of sediment after gas injection and heterogeneous gas hydrate
formation (black graph: gas hydrate-free sediment; blue, red and yellow graph: gas hydrate-bearing sediment)

The experimental data show that dynamic gas hydrate formation from two-phase fluid flow and gas
migration can lead to a decrease in permeability and effective pore space blocking in coarse-grained
sandy sediments despite usually high initial permeability. Thus, in all natural settings the formation of
non-homogeneous gas hydrates must be envisaged independent of soil type and fabrics, and the
combined changes in hydraulic and mechanical properties after gas hydrate formation from two-phase
fluid flow and gas migration could have severe implications for slope stability and gas production
scenarios.
The effects of non-homogeneous gas hydrate saturations resulting from focused fluid migration on
large-strain plastic or visco-plastic deformation cannot quantitatively be assessed based on available
experimental data and with available state-of-the-art numerical tools. It is likely that formation of
massive and impermeable gas hydrates defines and modifies gas migration pathways and gas holdup
zones. As a consequence, local buildup of excess fluid pressure would cause decreases of effective
stress and transition to critical state conditions. Further, based on the observed increase in
mechanical strength, it appears possible that gas hydrate formation at gas seeps interferes with
normal sediment consolidation (Figure 27), and could cause or trigger anomalous sediment
subsidence or slope failure when gas hydrates dissociate during gas production or as a consequence
of environmental changes.
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Figure 27: Scheme illustrating changes in gas hydrate-sediment fabrics. Gas migration conduits passing gas
hydrate stability conditions are assumed to result in massive gas hydrate formation at the gas-water interface. As
a consequence of low permeability and high strength, normal sediment consolidation would be disturbed.

With the current incomplete understanding of gas hydrate formation and dissociation at gas seeps, it is
strongly recommended to consider gas seeps as indicators for potentially weakened sediment
associated with increased failure risks. Further, the results clearly demonstrate the urgent need to
extend experimental and numerical studies towards understanding coupled thermo-hydro-chemomechanical effects related to non-homogeneous and dynamic gas hydrate formation and dissociation
with particular focus on multiphase fluid migration.
4.2.4

Coupled thermo-hydro-chemo-mechanical simulation

To evaluate scenarios of natural gas production from gas hydrate-bearing sediments, several
mathematical models and numerical simulators (e.g. MH21-HYDRES, Kurihara et al., 2009; STOMPHYD, White and McGrail, 2006; UMSICHT HyRes, Janicki et al., 2011; TOUGH-HYDRATE, Moridis et
al., 2008) were developed, which focused on gas hydrate phase change and fluid flow rather than on
the geomechanical behavior. Over the years, it has become increasingly clear that the geomechanical
effects associated with these gas production methods cannot be ignored. The gas hydrate dissociation
and fluid flow can lead to serious geomechanical stability issues like soil consolidation, seafloor
subsidence and wellbore collapse, and in extreme cases, can potentially trigger catastrophic events
like underwater landslides. Several mathematical and numerical tools (e.g., Klar et al., 2010; Kimoto et
al., 2010; Rutqvist, 2011; Hyodo et al., 2014a; Gupta et al., 2015) have since been developed to study
gas production in gas hydrate reservoirs in a coupled thermo-chemo-hydro-geomechanical framework.
In a typical gas hydrate reservoir, the structure of the sediment is expected to change due to two
distinct effects: 1) the changing hydrate saturation, and 2) the sediment deformation. What
complicates the matter further is that the hydrate provides additional strength to the sediment through
a cementation-like effect, thereby, effectively coupling the two inputs; hydrate saturation, and sediment
deformation. For any detailed hydro-geomechanical description of the gas production from gas
hydrate-bearing sediments, it is imperative to analyze how the transport processes (i.e., flow and
chemical processes) would respond to any given geomechanical input. As can be expected, this is a
rather challenging task due to the complexity of the interactions.
In order to simplify numerical procedures, we tested a mathematical description (Gupta et al., 2015) of
the coupled hydro-geomechanical processes by conceptualizing that a model can be decomposed into
two distinct model blocks: transport-block and geomechanics-block, with the coupling between the two
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manifesting as changes in properties of each model block (Figure 28). The transport-block solves for
the gas hydrate phase change and the non-isothermal, two-phase, two-component flow of water and
CH4 gas, while the geomechanics-block solves for sediment displacements.

Figure 28: Modular structure of numerical simulation scheme

Model decomposition is based on the simplifying physical assumption that the soil grains constitute
the skeleton of the porous matrix, and the gas hydrate enhances the mechanical properties of this
skeleton without actively bearing the load. The relative deformation of the gas hydrate phase with
respect to the soil skeleton is ignored. This assumption allows us to distinguish between total-porosity
and apparent-porosity. Total-porosity characterizes the total pore volume, i.e. the volume not occupied
by the soil grains, while the apparent-porosity characterizes the actual pore volume which is available
for the fluid flow. The deformation of the hydrate-bearing sediment directly affects only the totalporosity. The evolution of the actual or apparent-porosity field is then modelled by scaling the totalporosity with functions of hydrate saturation through simple geometric arguments. To make the
physical meaning clear, the apparent-porosity is the actual measured quantity, while the total-porosity
is a mathematical construct which allows us to isolate the effects of sediment deformation from those
of hydrate phase change. We also assume that those properties of the transport-block which depend
on the sediment structure (i.e., hydraulic properties like permeability, capillary pressure, specific
surface area, tortuosity etc.) can be modelled as a multiplicative decomposition of functions of totalporosity and hydrate saturation. In effect, with these simplifications, we can describe all feedback from
geomechanics-block to the transport-block through a single transfer variable: total-porosity, and this
forms a central feature of our coupling concept.
A number of non-linear elastic (e.g. Yu et al., 2011; Miyazaki et al., 2011, 2012; elasto-plastic (e.g.
Klar et al., 2010; Uchida et al., 2012), and elasto- viscoplastic (e.g. Kimoto et al., 2010) constitutive
models have been proposed in the recent years to model the geomechanical behavior of gas hydratebearing sediments. Stress strain relationships in these models form highly non-linear, non-smooth,
and dynamic optimization problems for which uniqueness and existence of an optimal solution can be
guaranteed only within the assumptions of small-strains and perfect plasticity without any hardening
and softening. Additionally, the constraints of the system involve inequalities which are non-linear and
non-smooth, leading to a model with a large number of parameters which often makes model
calibration challenging and unreliable. To the best of our knowledge, none of these models have been
validated in coupled hydro-geomechanical settings in the context of gas production from gas hydrate
reservoirs, and have a large uncertainty associated with their predictive capabilities in highly dynamic
conditions.
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We used experimental tests of gas hydrate formation and dissociation to test the simplified modelling
concept (Figure 29). As described in section 0 , our test experiment was focused on analyzing
deformation under variable gas hydrate saturation, a wide range of effective stress loading and
changes in gas hydrate-sediment fabrics. However, in accordance with predicted small strain yielding
during gas production (compare to D1.6, Vanneste et al., 2016), bulk sample deformation and relative
grain-to-grain movement were limited, and to avoid critical state conditions and large strain
deformation only isotropic stresses were applied. A poro-elasticity framework was chosen for
describing the mechanical behavior of the sediment, with the purpose to minimize the uncertainties
arising from unknown mechanical behavior of gas hydrate-bearing sediments and to make the model
calibration easier. The deliberate choice of a simple constitutive law with a limited number of
parameters, in contrast to using more complex elasto-plastic modeling approaches, is justified by the
design of the experimental test case. The concept of poro-elasticity is sufficient to capture the physical
assumptions underlying our numerical coupling concept, but other constitutive relations could be used
as well.

Figure 29: Experimental and numerical results of volumetric strain and gas production during depressurization

For limited deformations of gas hydrate-bearing sediments, we expect that the coupling concept can
be used as a basis for developing and implementing more advanced constitutive mechanical laws,
such as rate independent J2-I1 plasticity combined with strain or work hardening or softening,
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respectively. However, for large deformations, the coupling concept was not validated so far, and we
expect strong limitations to our coupling concept in cases where massive gas hydrates act as loadbearing solid constituents of the sediment and it can no longer be assumed that sediment particles
alone form the deforming solids skeleton.
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5.

Geotechnical properties of sediments containing gas hydrates

Deliverable D1.6 “Potential Impacts of Gas Hydrate Exploitation on Slope Stability and Sediment
Deformation” (Vanneste et al., 2016) describes the built of a model in order to estimate the hazard of
slope instability due to the exploitation of gas hydrates from a shallow reservoir within study area 1. In
order to obtain a realistic production scenario model of gas hydrates in a sand-rich setting, appropriate
material properties for both overburden and gas hydrate reservoir are required (with and without
hydrates). Unfortunately, there are only very sparse geotechnical and geomechanical data available
from the Danube fan, which limits a full-scale evaluation of the hazards imposed.
We therefore decided to create a model which uses unified parameters for the overburden. This
approach does not take into account that we expect a different lithology for example in the channel
bed sediments (coarse-grained) and the levee overspill deposits (more fine-grained sediments).
However, when these parameters become available from future drilling expeditions, they can be easily
applied into the model. The in situ geotechnical parameters described in section 0 (Figure 16) were
applied for the overburden soil properties. Although taken in a different area (Figure 11), these
parameters are still taken from sediments in the Danube fan and are thus considered appropriate to
be applied into the model.
For the reservoir parameters, we had to take a look into the literature. Pressure cores were taken in
the Nankai Trough where gas production out of hydrates was tested successfully, and samples from
the hydrate reservoir were studied in Santamarina et al. (2015). The hydrate reservoir in the Nankai
area is located in the sandy channel bed deposits of a buried channel-levee system about 300 m
below the seafloor in a water depth of about 1 km (Saeki et al., 2008). Shear strength of sandy
sediments is a function of hydrate saturation and confining pressure (Figure 30) (Yoneda et al., 2015).
The elastic modulus was calibrated as a function of hydrate saturation (Figure 31), accordingly, in
order to get realistic parameters for the hydrate reservoir in the Black Sea study area 1.

Figure 30: Shear strength as a function of effective confining stress (Yoneda et al., 2015)
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Figure 31: Secant modulus as a function of hydrate saturation for defined effective confining pressures (Yoneda
et al., 2015)
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6.

Summary and conclusions

High resolution seismic studies revealed BSR distributions at the Danube-deep-sea-fan. Multiple
BSRs were detected which putatively indicate past gas hydrate stability boundaries linked to paleo
seafloor horizons during stable sealevel lowstands under glacial conditions. The detectability of former
BSRs suggests that considerable amounts of immobile gas are retained in sediments at the Danubedeep-sea-fan after gas hydrates were dissociated. The uppermost BSR is linked to current gas
hydrate stability conditions; however, the resource potential for natural gas production could not be
reliably constrained in this study. Geotechnical risks from potential gas hydrate exploitation associated
with seafloor subsidence and slope failure were addressed in another study (D1.6, Vanneste et al.,
2016). A slump site with a total area of 8 km² at a water depth, which coincides with the theoretical
upward limit of the gas hydrate stability zone at about 665 m, suggests a possible link between gas
hydrate dissociation and slope failure. Active gas expulsions were observed in the form of flares
encircling the landslide scar, and an unexpectedly strong upward bending BSR has been observed
underneath the slope failure. The occurrence of multiple BSRs, the presence of free gas and the
observation of non-steady state pore water profiles (data not shown) indicate non-equilibrium
conditions with ongoing gas hydrate formation and dissociation, which needs to be considered in
geotechnical risk assessment.
In situ geotechnical studies have confirmed the presence of near-seafloor gas hydrates. The results of
two piezocone soundings carried out in the Romanian sector of the Black Sea during the GHASS
cruise (September 2015) have been processed to delineate the presence of gas hydrates in clayey
sediments and estimate their geotechnical properties. Two distinct classifications were used to identify
the behaviour type of sediments during piezocone penetration. Each of them pointed out that, at the
reference site, penetration occurred fully undrained as in typical clay soils. Besides, the ‘unusual’
characteristics of gas hydrate-bearing sediments were highlighted by the discrepancy between the two
classifications. The discrepancy has been ascribed to the fact that gas hydrate-bearing sediments
behave undrained as stiff or sensitive clays while they have lower friction ratio. Accordingly, similar
empirical correlations were applied to estimate some geotechnical properties of reference and gas
hydrate-bearing sediments. This allowed to point out that the presence of gas hydrates tends to
increase the effective yield stress, peak undrained shear strength and strength sensitivity of sediments
while it tends to decrease their compressibility. Although the extents to which gas hydrates affect
these properties could have been estimated, the lack of experience and statistical correlation studies
with gas hydrate-bearing sediments warrants caution in their use. By contrast, because the sediments
at the reference site behave as typical clay soils, the geotechnical properties here derived from
piezocone data can be considered as appropriate to the assessment of slope stability for low risk
projects.
Laboratory geotechnical studies have expectedly confirmed that gas hydrates increase mechanical
stiffness and strength in sandy sediments. Combined experimental and numerical studies have shown
that model parameterizations of mechanical constitutive laws for stiffness and strength dependent on
gas hydrate saturation are valid, but parameterizations need to consider dynamic changes in gas
hydrate-sediment fabrics during formation and dissociation. Non-homogeneous gas hydrate
distributions, and dynamic and focused transport-reaction processes are important factors and
potential triggers for sediment destabilization in gas hydrate production.
Hydraulic and geomechanical behavior of gas hydrate-bearing sediments during gas production must
be considered as a result from strongly coupled thermo-hydro-chemo-mechanical processes. The lack
of knowledge and simulation tools to predict dynamic mechanical behavior of gas hydrate-bearing
sediments became apparent in recent gas hydrate production field trials, onshore in the Alaska
permafrost (Schoderbek et al., 2013) and in the Nankai Trough offshore Japan (Yamamoto, 2013).
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Both tests were accompanied by substantial sediment yielding and sand production events, which
were, however, following different patterns. In the onshore field test, natural gas production was
initiated after N2:CO2 mixed gas injection and gas-hydrate exchange, and further enhanced through
stepwise depressurization. In this field test, sand production was initially very high. Substantial
technical problems occurred, including failure of technical components and extended production
shutdown intervals. However, sand production rates decreased with ongoing gas production. In the
first offshore field test in the Nankai Trough, gas production was achieved through depressurization
only. In contrast to the results from the onshore permafrost test, sand production was low during early
production and could be managed with applied standard technical means. However, after a few days,
sudden and catastrophic sand production occurred, and the production test had to be canceled prematurely. The reasons for this distinct test specific behavior are currently unknown and might be
related to numerous factors, such as site and reservoir characteristics, geological heterogeneities, gas
hydrate alteration and dissociation dynamics, technical issues, or dynamic thermo-hydro-chemomechanical process coupling.
To better understand dynamic and coupled thermo-hydro-chemo-mechanical processes relevant to
gas hydrate-bearing soils, improved sampling techniques, experimental systems and numerical tools
are necessary. Studies on undisturbed pressure cores will clearly advance the field towards a much
better understanding of the mechanics of the gas hydrate-bearing sediments (Inada and Yamamoto,
2015; Santamarina et al., 2015; Yoneda et al., 2015). Within the frame of the German gas hydrate
initiative SUGAR, novel high-pressure flow-through triaxial systems for large samples were developed
(Deusner et al., 2016). The geotechnical systems are used in combination with µCT or ERT,
respectively, high-resolution local-strain measurement and continuous fluid composition monitoring
with flow-through sensors, as de-scribed above. One system is equipped with a miniaturized
perforated borehole, which allows passage and sampling of both fluids and solids. Major research
objectives are to experimentally simulate coupled processes relevant to gas-charged or gas hydratebearing sediments in the context of slope stability and natural gas production. The experimental
systems allow inducing and monitoring large-strain visco-elasto-plastic deformation, particle
fluidization and sand production on different scales (pore-scale to bulk scale). Experimental data are
used to develop and test numerical codes, and to define constitutive models based on high-resolution
micro-scale data.
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