
Chapter 43

Stability of Fine-Grained Sediments Subject
to Gas Hydrate Dissociation in the Arctic
Continental Margin

Jeffrey A. Priest and Jocelyn L.H. Grozic

Abstract Significant venting of methane gas has been observed on the upper

continental slopes of the Arctic Ocean, coinciding with the landward limit of the

gas hydrate stability zone. It has been inferred that the methane gas venting is

related to the dissociation of methane gas hydrate induced by the unprecedented

Arctic warming that has occurred over the last 30 years. Historically, the influence

of hydrate dissociation on sediment stability was considered in terms of hydrate

dissociation increasing pore pressures, reducing effective stress and therefore

sediment strength, leading to slope failures along these over pressurized layers.

Recent evidence has shown that gas hydrate readily forms in clay-rich sediments as

fracture-filled near-vertical veins, which upon dissociation gives rise to sediments

exhibiting high water content, high sediment compressibility and very low shear

strength. Thus gas hydrate dissociation in fine-grained sediments may lead to

significant slope instabilities, which at present is poorly understood. Slope stability

analyses carried out considering the potential influence of hydrate dissociation

induced by warming of the Arctic slope suggest that instabilities are likely, with

failures ranging from surficial sloughing to deep-seated failures. This paper high-

lights the importance of understanding the sediment processes in clay soils, and

how dissociation of gas hydrate can induce instabilities through sediment softening

and generation of excess pore pressure.
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43.1 Introduction

It is now globally recognized that anthropogenic induced climate change is occur-

ring, with the greatest change observed in the Arctic region as reported by the

Intergovernmental Panel on Climate Change (IPCC 2007). A possible consequence

of this warming, especially in the Arctic Ocean, is the dissociation of methane gas

hydrate, an ice-like crystalline compound that is stable under certain conditions of

low temperature and high pressure that are typically found within deep marine

sediments and in and beneath permafrost (Kvenvolden and Lorenson 2001). Meth-

ane gas hydrate sequesters large volumes of methane, a greenhouse gas; therefore

dissociation of gas hydrate may release significant quantities of methane into the

ocean and the atmosphere, exacerbating climate change (Archer et al. 2009). In

addition, gas hydrate dissociation can lead to significant reduction in sediment

strength leading to slope instability and submarine landslides (Mienert

et al. 2005; Grozic 2009).

In this paper we investigate the influence of gas hydrate dissociation, resulting

from Arctic Ocean warming, on sediment shear strength and the resulting impact

that changes in sediment properties have on slope instabilities.

43.1.1 Climate Change and Arctic Hydrates

Gas hydrates are extensive within the Arctic region (Council of Canadian Acade-

mies 2008) located below onshore permafrost, sub-sea permafrost and on slopes of

the continental margin. Given predicted warming scenarios hydrate dissociation

below onshore permafrost (>300 m below the ground surface) and sub-sea perma-

frost on the Arctic shelf (~200 m below the current sea level) is unlikely to occur

over the next millennia (Ruppel 2011). The cold waters of the Arctic Ocean allow

gas hydrate to form within the sediments on the slopes of the Arctic continental

margin at shallower water depths than observed on other margins with the upper

limit of hydrate stability zone (HSZ) tapering out near the seafloor ~300 m water

depth (Fig. 43.1). Therefore, hydrate-bearing sediments in this area are the most

sensitive to warming in the near future (Ruppel 2011).

Multiple plumes of gas bubbles, predominantly methane, emanating from the

seabed on the West Svalbard margin of the Arctic Ocean have been observed that

coincide with the calculated present day landward limit of the HSZ (Westbrook

et al. 2009). It is suggested that the 1 �C rise the Arctic Ocean has experienced at

this water depth over the last 30 years has led to the dissociation of gas hydrate

within the sediment leading to the observed methane gas expulsions from the

seabed (Thatcher et al. 2013). In addition, similar observations of active methane

gas venting have also been observed within the Beaufort Sea area of the Arctic

Ocean at water depths where the HSZ thins out (Paull et al. 2011).
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43.1.2 Hydrate in Fine-Grained Sediments

Recent insights from pressure cores where hydrate stability conditions within the

sediment during core recovery are maintained have shown that in fine-grained

sediments (typical for shallow marine sediments in the Arctic) hydrate readily

forms as fracture-filled near-vertical veins with average hydrate saturations of

~20–30 % (Rees et al. 2011). These veins can vary considerably in thickness

(<0.5 mm up to 6 mm) and be fibrous in nature with veins showing terminal

forking and branching. Results from the limited testing of the pressure core samples

suggest that these hydrate veins increase in apparent sediment strength (Yun

et al. 2010) inhibiting normal consolidation of the sediment; stiffer hydrate veins

support the overburden stress acting on the sediment.

Upon dissociation of the hydrate the host sediment exhibits high void ratios and

water contents leading to high compressibility (Kim et al. 2013) and low undrained

shear strength, su (Priest et al. 2014), compared to normal sediments at

corresponding depths. In addition to the low strength of the host sediment, hydrate

dissociation can lead to the development of excess pore pressure within the

sediment (Sultan et al. 2004; Grozic 2009). Both of these factors may lead to

slope instabilities in regions where gas hydrate exists.

43.2 Slope Stability Modeling

Hydrate dissociation through warming of the Arctic Ocean over the next 100 years

(IPCC 2007) may lead to significant changes in sediment behavior over this time.

To investigate the influences of these changes on slope stability 2-D limit

Fig. 43.1 Modeled slope geometry highlighting water depth to seafloor, sulfate reduction zone

(SRZ), initial base of hydrate stability (0 year) and subsequent changes in the base of hydrate

stability for two ocean bottom temperature increases (1 �C and 3 �C) with time
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equilibrium slope stability analyses were carried out using Slope/W

(a commercially available slope stability analysis program) that considers total

shear resistance and mobilized shear stresses along a slip surface to compute factors

of safety. In our analyses both undrained and drained soil behavior were considered.

43.2.1 Slope Profile

In our analyses a slope width of 2500 m starting at a water depth to the seafloor of

290 m with an initial slope angle of 3�, corresponding to average slope geometry in

the Arctic Ocean, was modeled (Fig. 43.1). To account for typical sulfate reduction

processes that inhibit gas hydrate formation in shallow sediments a 5 m thick

hydrate-free zone was located directly below the seafloor (Biastoch et al. 2011).

The initial base (0 year) of the HSZ was determined using CSMGem code (Sloan

and Koh 2008) for an ocean bottom temperature of 0 �C at the seafloor, pore water

salinity of 3.5 wt.% and a geothermal gradient of 0.87 �C/m. The geothermal

gradient is at the high end of reported values (Phrampus et al. 2014) leading to a

reduction in the thickness of the HSZ, which results in a larger volume of sediment

subject to hydrate dissociation with time during a warming event, and thus repre-

sents a worse case scenario.

Changes in the base of the HSZ with time (Fig. 43.1) due to an increase in ocean

bottom temperatures were taken from the results of Reagan et al. (2011) who

carried out detailed 2-D simulations of hydrate dissociation. Their simulations

took into account the endothermic nature of hydrate dissociation and increase in

hydrate stability due to increases in pore pressure for two distinct warming scenar-

ios of 1 �C/100 year and 3 �C/100 year using similar initial conditions (slope

geometry, ocean bottom temperature, salinity, geothermal gradient) along with a

uniform hydrate saturation of 3 % and sediment permeability of 10�15 m2.

43.2.2 Soil Properties

Limited data exists for the mechanical properties of soils within the Arctic margin,

especially for hydrate-bearing sediments. In our analyses soil properties

(highlighted in Table 43.1) were based on results from core samples obtained

during the National Gas Hydrate Program expedition offshore India (NGHP1,

Collett et al. 2008), where hydrate veins were observed in fine-grained marine

sediments.

For the undrained analyses different values of su were assigned to the three soil

layers highlighted in Table 43.1. For the 5 m hydrate-free soil layer the assigned su
value was based on the results of shear vane tests on near surface sediments with no

hydrate present (Winters 2011). The value of su for the soil subject to hydrate

dissociation was based on the results of Priest et al. (2014) who undertook
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undrained triaxial tests on samples obtained from hydrate-bearing cores recovered

during HGHP1. In these tests the hydrate veins were removed prior to testing such

that the host sediment strength was tested at its original in-situ water contents. The

value of su assigned to the hydrate-bearing layer (this layer has minor influence on

slope stability) was notionally chosen to be greater than those for the hydrate-free

layer. For the drained analyses a Mohr-Coulomb failure criterion was adopted and

so relevant soil properties (friction angle, ϕ’ and cohesion, c) were based on the

results of drained triaxial tests at different effective stresses conducted on recovered

samples from NGHP1 expedition (Winters 2011). As for the undrained analyses,

values for the hydrate-bearing layer were notionally chosen to be greater than those

for the hydrate-free layer.

A contrast in soil strength will occur at the base of the HSZ during dissociation

and so the failure surface was prescribed along this interface, similar to that

proposed by McIver (1982). All soils were assigned a saturated unit weight of

16 kN/m3 relating to a porosity of 60 %, typical values for the near surface

sediments recovered during the NGHP1 expedition (Collett et al. 2008).

43.3 Results and Discussion

43.3.1 Slope Stability Using Drained Soil Properties

Initial slope modeling conducted using a drained analysis with all soils parameters

set to su¼ 6 kPa + 0.8 kPa/m (no hydrate throughout the slope) showed that for a 3�

slope the factor of safety (FOS) for the critical slip surface was 3.4. In order for the

soil to experience instability without hydrates (i.e. a FOS <1) a slope angle of at

least 11� would be required for the applied soil properties. Figure 43.2 shows the

calculated FOS for the different warming scenarios (see Fig. 43.1) using the

undrained parameters highlighted in Table 43.1. For a 1 �C/100 year warming

event the slope fails after 200 years, while for the 3 �C/100 year warming event the

slope fails after 100 years. Figure 43.3 highlights the extent of the slope failure and

the calculated FOS for the two separate analyses. The critical slip surface for event

occurs at the base of the hydrate stability zone, where the weakened soil (due to

hydrate dissociation) is in contrast with the stiffer underlying soils. The extent of

the critical slip surface for the 3 �C/100 year case extends over 1500 m downslope,

resulting in a sliding volume per meter across the slope ~35� 103 m3.

Table 43.1 Material

properties for the different

soils applied during drained

and undrained analyses

Soil layer Undrained su Drained ϕ’ and c

Hydrate-free 6 kPa + 0.8 kPa/ma 21�, 7.9 kPaa

Hydrate-bearing 50 kpa 30�, 50 kPa

Hydrate dissociation 6 kpab 21�, 7.9 kPaa

aWinters (2011)
bPriest et al. (2014)
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In the above analyses a constant su is assigned to the soil subject to hydrate

dissociation. In reality, if the hydrate veins support the overburden stress then as the

dissociation front advances downslope with time (predominantly at the base of the

HSZ) the soil will gradually experience an increase in apparent overburden stress

leading to consolidation of the soil, thereby increasing su. The degree of consoli-

dation, and therefore the potential increase in su, will be highly dependent on the

resultant soil properties such as; soil permeability, compressibility, drainage path,
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Fig. 43.2 Factor of safety resulting from hydrate dissociation with time due to increases in ocean

bottom temperatures

Fig. 43.3 Factor of safety and extent of failure surface resulting from hydrate dissociation due to

(a) 1 �C/100 year temperature rise in ocean bottom temperatures after 200 year, and (b) 3 �C/
100 year temperature rise in ocean bottom temperatures after 100 year
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etc. Hydrate dissociation is greatest at the base of the HSZ and so the drainage path

for fluid flow increases as the dissociation front moves downslope with time. For

the 3 �C/100 year warming event and considering an average coefficient of con-

solidation, cv, of 2.2� 10�8 m2/s (Winters 2011), which is a function of soil

permeability and compressibility, the soil at the base of the HSZ at ~1500 m

downslope would experience only ~26 % consolidation after 100 years from the

onset of hydrate dissociation. This would suggest that the soil at this depth is likely

to remain substantially undrained and exhibit a low su.

43.3.2 Slope Stability Using Drained Soil Properties

In addition to the reduction in su due to hydrate dissociation, an increase in pore

pressure within the sediment can occur due to the release of methane gas. This will

lead to a reduction in effective stress, leading to shear failure of the soil. To consider

the influence of excess pore pressure on slope stability drained analyses were

conducted with increasing pore pressure applied to the region subjected to hydrate

dissociation using the drained soil parameters summarized in Table 43.1. Results

show (Fig. 43.4) that shallow, near surface, localized failures (extending 100–

200 m downslope) with a FOS <1 occur when the excess pore pressure within

the soil was >50 kPa.

It has been shown experimentally that during dissociation (for a 5 % hydrate

saturation) the rise in pore pressure for an undrained sand sample can be as great as

~170 kPa (Wu and Grozic 2008). The actual increase in pore pressure within

sediments on the continental margins during hydrate dissociation over time will

depend on the fully-coupled relationship between fluid flow, heat flow, hydrate

dissociation and sediment strength/stiffness. Considering similar slope geometry to

that modeled, Thatcher et al. (2013) showed for a sediment with a permeability of

10�16 m2 (typical for Arctic sediments), 5 % hydrate saturation and a geothermal

gradient of 0.65 �C/m that pore pressure is likely to exceed lithostatic pressures

Fig. 43.4 Critical slip surface from drained slope stability analysis for 1 �C/100 year warming

over 50 years due to 50 kPa pore pressure increase in hydrate dissociation zone (colored blue)
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within 25 years for ~3 �C/100 year temperature increase. However, they also

showed that an increase in effective permeability of the sediment due to the

formation of cracks, either from the hydrate veins or from overpressure, was

required to match the time required for gas expulsion at the seafloor to match

observations, thus limiting the magnitude of any pore pressure increase. Therefore,

localized slope failures due to the generation of excess pore pressures may occur in

the short term, depending on actual permeability of the sediment. These localized

failures may cause increased loading on soils downslope leading to progressive

failure of the slope as a whole, involving both undrained and drained behavior.

43.4 Conclusions

Warming of the Arctic Ocean, through ongoing climate change, is likely to lead to

the dissociation of gas hydrate that resides within the sediment on its upper

continental slopes. In fine-grained sediments, where the hydrate exists as fracture-

filled veins, this will lead to a reduction in soil strength as well as an increase in pore

pressure through release of methane gas. Modeling dissociation using a reduction in

undrained shear strength indicates large-volume slope failures could occur after

some time, when a sufficient mass of sediment has undergone strength reduction. In

contrast, drained analyses, where increases in pore pressures as a result of hydrate

dissociation were considered, gave rise to shallow localized slope failures at much

earlier times than the undrained cases. These shallow failures may progress down-

slope due to increased loading (from the failing mass above) and ongoing hydrate

dissociation.

The ‘factors of safety’ for slope failures were computed at discrete time steps

with a number of simplifying assumptions with regard to soil behavior during

dissociation (drained and undrained) and the assumption of an idealized slip surface

at the base of HSZ. In reality, during hydrate dissociation, the soil is likely to be

neither fully drained nor undrained, with the relationship between the two idealized

behaviors being highly dependent on the effective permeability of the soil. This will

lead to changes in variations in soil properties with time throughout the slope that

was not accounted for in our analyses. In addition, it is implicitly implied that the

lateral distribution of hydrate throughout the slope was uniform, which for fine-

grained sediments may not be valid. Given that observed submarine slope failures

on continental margins do not seem to exhibit large-scale slide plane type failures

suggest that the modes of failure due to hydrate dissociation are likely to be more

complex than we have modeled.

To correctly assess the influence of hydrate dissociation on slope stability,

resulting from climate change in the Arctic Ocean, will requires more detailed

characterization of soil properties relevant to the Arctic and the likely changes that

may occur during hydrate dissociation, including effective permeability. In addi-

tion, more complex analyses, taking account of discrete changes in soil properties,

are required to capture realistic failure modes.
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