Structural Transformations of Permafrost before the Formation of the Yamal Craters 
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Abstract

This article deals with the genesis of the gas discharge funnel located 30 km south of the Bovanenkovskoye gas condensate field and named the Yamal crater. A new approach contains the theory of the formation of similar funnels due to the structural transformations of the frozen massif under the influence of gases coming from the decomposition of gas hydrates. The leading role of lakes in the formation of local zones of dissociation of gas hydrates was declared. The estimation of the pressure that is necessary for migration of fluids in frozen rocks and the explosion that formed the Yamal crater was carried out.
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	h
	Ejection depth, meters

	ϕ
	Angle of inclination to the conical surface, radians

	H
	Height of conical body, meters

	R 1
	Radius of the base of the conical body, meters

	R 2
	Upper radius of conical body, meters

	[σ]
	Maximum permissible tensile stress, mPa

	[τ]
	Maximum allowable shear stress, mPa

	F
	Vertical force of adhesion of the lateral surface to the ground, newtons

	G
	Strength of body weight, newtons

	P 0
	Atmospheric pressure, newtons

	ρ мг
	Frozen soil density, t/m3

	g
	Acceleration of gravity, m/s2

	p∗hph∗
	Critical ejection pressure from the depth, mPa


22.1. 

Introduction

In 2014 a round funnel was found on Yamal, 30 km south of the Bovanenkovskoye oil and gas condensate field (NGKM). It has about 50 m deep with 30 m diameter in the upper part. From the depth of 8 m, the diameter decreases to 20–24 m. A concentric shaft from the ejected rock is gathered around the funnel. There were no traces of economic activity nearby. Later, in the north of Western Siberia, several similar funnels were found. Most researchers who studied this phenomenon agree that their formation is due to the release of gases that either were formed during the dissociation of gas hydrates or gases coming from great depths [2, 3411151719]. This gave rise to V. I. Bogoyavlensky who interpreted the field data as an evidence of a gas emission [3]. Although this notion is fixed and widely used, it is rather vague and allows a broad interpretation. Emissions, for example, mean the short-term or long-term ejections of any pollutants or heat [6]. The morphology of the funnels and the scatter of rocks around allow an interpretation of the process of their formation as a physical explosion. A physical explosion is associated with the emergence of internal pressure in a cavity filled with a liquid or a gas exceeding the maximum permissible values of the strength characteristics of the enclosing medium. The main reason for their formation is not a chemical reaction but a short-time physical process caused by the transfer of stored potential energy to kinetic energy of the motion of gases and liquids [8]. After that, a closed cavity with a gaseous or liquid substance collapses due to elevated pressure, and then ground ejection occurs with the generation of pressure waves. In this case, the potential energy of the compressed gas or liquid passes into the energy of the shock wave. We will use the established, generally accepted definition of “ gas release,” as a physical explosion of underground gas. The purpose of the publication is to consider a new type of geocryological hazard – gas emissions in permafrost following the decomposition of gas hydrates.

22.2. 

Object of Study

Most amount of information on the structure of funnels of a 

gas emission

 was obtained by studying a funnel located 30 km south of the 

Bovanenkovskoye gas

 condensate field. The morphology of this phenomenon is the widened conical upper part and the narrowed cylindrical lower part that is very similar to the volcanic crater. As will be shown below, the processes forming the funnel have the analogy with volcanic processes. Therefore, for the considered given object, we use the name 

Yamal crater

 offered by Novosibirsk researchers [11].

22.3. 

Stages of Formation of the Yamal Crater

A study of the structure of deposit in the walls of the Yamal crater made it possible to single out the following sequence of processes that had formed it.

Stage I. Formation of a lake over a perennial frozen ground massif that contains a layer of massive ice. A bowl of thawing is forming under the lake as well as the zone of heightened temperature in lower part of the massif of rocks (Figs. 22.1 and 22.2).

Stage II. The temperature-rising zone in permafrost reaches the gas hydrate layer. The process of dissociation of gas hydrates begins with the release of gas and “supercooled” water. Gas-water fluids under the influence of pressure begin to migrate to the least stable area, which is the zone of high temperature under the lake. They saturate the primary frozen substrate with the gas. On contact with the horizon of hydrate-saturated rocks, a zone of caverns and grottoes measuring tens of centimeters is formed. As thawing, small caverns merge, forming large caves with smooth walls several meters in size. The estimated volume of methane gas hydrate in Yamal crater is about 12.5 m3 of hydrate [16]. Such insignificant volume completely corresponds to the zone of small caverns at the bottom of the Yamal crater. Similar formations were found in the zones of gas emissions due to decomposition of gas hydrates in the Okhotsk Sea. Here, in the area of the gas fountain, the characteristic forms are found: failure funnels, pits, bottom niches, and caves that are forming a system of interconnected grottoes [10]. Probably the development of a system of interconnected cavities is typical for the dissociation of hydrate-saturated rocks (Fig. 22.2).

Stage III. The decomposition of a metastable gas hydrate causes an increase in pressure, which greatly exceeds the reservoir pressure. As a result, the fluids move upward with accompanying plastic and discontinuous deformations. The increase of the pressure in the fluid migration zone leads to distension under the bottom of the thermokarst lake. As the basin is shoaling and the talik freezes, the infiltration-segregated ice is forming due to migration at the lower border of the talik. The transition from subaquatic to subaerial state leads to decreasing of the temperature and increasing of the ground strength. At the same time, a frozen dome-shaped screen is formed. The fragments of this layer are observed during the initial survey of the Yamal crater. A frozen screen is an obstacle to the movement of fluids coming from the bottom. It leads to large mound rising at the Earth surface. The fluid saturation gradually forms a rod in the initial layered ice-bound ground massif. The ground here contains the layered gas-saturated ice with numerous cells of various sizes. The thickness of the formed rod is about 40 m, and the diameter is about 15 m (Fig. 22.2).

Stage IV. When the plastic deformations in the frozen roof reach their limit, the fragile deformation fractures occur in it. The pressure in gas inclusions becomes much greater than the atmospheric pressure. Overcoming the limit of strength of the ground roof leads to sudden drop in pressure. We use the two-stage model of the volcanic explosion

 to describe the explosion process that formed the Yamal crater [1]. At the stage of preparation, a porous gas-saturated magmatic body is formed in the vole of the volcano. At the stage of development of the explosion, the fragmentation (destruction) of this body occurs because of sharp decompression and releasing of potential energy of compressed gases by eruption of crushing products into the atmosphere. The explosion wave from unloading gradually destroys the porous material of the massif layer by layer [1].

Fig. 22.1

Aerial view of  Yamal crater. (Photo from A. V. Lupachev)
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Fig. 22.2

Stages of development of the Yamal crater (stages I, II, III, IV) [1314]. Legend: 1, Cover horizon; 2, Layer of the ice between thawed and frozen rocks; 3, Frozen gas-saturated ice-bounded rock with traces of plastic deformations; 4, Infiltration-segregating ice; 5, Gastight roofing of permafrost; 6, Zone of temperature increase in permafrost under the lake; 7, Permafrost outside the heating effect of the lake; 8, Layer of hydrate-containing permafrost; 9, Zone of decompaction in the layer of hydrate-containing permafrost around the crater; 10, Direction of the movement of fluids; 11, Gas fluids; 12, Caves and caverns in the lower part of the crater; 13, Lake; 14, Crater formed after the release of a gas-saturated deposits; 15, Talik. (Picture is drawn by D. Volkov)
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Similar processes are observed in the formation of the Yamal crater. A gas-saturated ice-soil body covered by a gastight deformable roof was formed as a result of the penetration of gas fluids from the dissociation of gas hydrates. The pressure in the gas inclusions is much greater than the atmospheric pressure. After the overcoming of the limit of the roof strength, the pressure dramatically decreases. The pressured gas in the ice-soil gas-saturated rod successively launches the frozen rock layer by layer. As a result a dry crater of gas emission was formed (Fig. 22.2).

22.4. 

Change in Temperature of Permafrost Under the Influence of Climate and Surface Water

The available data on the temperatures of  Yamal Peninsula permafrost, that show the insufficiency of the climate changes disturbing effects for the possibility of gas hydrates decomposition at depths corresponding to the depth of the funnel (about 60 m). The 

geotemperatures from the geocryological observatory “Marre-Salé VSEGINGEO” show the fluctuation in the range −5 to −6 °С from 2001 to 2015 [9]. The interval of permanent temperature distribution is observed at depths from 20 to 60 m because the water phase transitions belt in saline deposit layers. Minor fluctuations from climate warming are smoothing out by phase transitions. The data considered allow us to doubt the statements of some authors about the leading role of the sharp increase in summer temperatures during the several years preceding the formation of the Yamal crater [1518].

AQ5
Surface water bodies are the most powerful heating factor in the permafrost zone. Therefore, it is necessary to assessing the permafrost temperature field under the lakes. For the north of Western Siberia, where craters of the gas emission have been found, there are no direct data on the temperatures of subaqueous ground media. The warming effect of the lakes on permafrost can be assessed by analyzing the temperatures in the wells drilled on the “khatsyreys,” (large thermokarst depression), where lakes existed earlier. Here, at a depth of 60–80 m, the temperature of the frozen rocks for the third marine terrace is in the range from −3 to −2.5 °C and −1.8 to −1.6 ° C for the floodplain. Temperatures of permafrost outside the lake zones at the depth of 60–80 m as −5.5 to −5.0 °C were found in the third marine terrace and floodplain [7].

AQ6
G. S. Tipenko performed the calculations of the stationary state of the Yamal permafrost temperature field for different lake dimensions. He showed that under a lake up to 90 m wide, the permafrost rocks do not thaw completely. It corresponds to the diameter of the base of the hillock antecedent the Yamal funnel [14]. According to calculations, the permafrost temperature has a range of −2.0 to −2.5 °C at a depth of 60–80 m. It corresponds to the full-scale measurements (Fig. 22.3).

Fig. 22.3

Stationary temperature field under the lake 45 m wide
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The zones of warming up to −1 to −3 °C under lakes growing-up even in the low-temperature permafrost conditions. The vertical dimension of these zones can exceed 100 m. When the permafrost temperature is rising, the rock strength decreases, and local defects appear in association with volumetric temperature stresses. The increasing of the temperature under the lake affects the structure and properties of permafrost rocks and ice and forms favorable conditions for the penetration of gas fluids in the massif. It’s important that the dissociation of gas hydrates and migration of fluids can occur at a negative but heightened temperature under real or past lake areas.
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22.5. 

The Gas Pressure Triggers the Yamal Сrater Formation

The gas hydrate decomposition increases the pressure, which can significantly exceed not only the hydrostatic but also the reservoir pressure [22]. At temperatures in the range of 268.15 K (−5 °C) ÷ 273.15 K (0 °C), the equilibrium pressure is in the range 2.57–2.17 MPa in the system of gas-water (ice)-hydrate [20]. In the area of local permafrost warming under the lakes, soil temperatures are in the range of −1 to −3 °C. A system of pores, defects, and weakened zones is developed in the frozen soils and ice, so pore pressure corresponds to hydrostatic pressure. At a depth of 60–80 m, where a hydrate-containing layer is detected by geophysical survey [19], the hydrostatic pressure is about 0.7 MPa. At this depth in the zone of gas hydrate decomposition, pressures are created higher three times than the hydrostatic pressure. This will cause the filtration of the gas fluids upward. A pressure increase in the upper part of the frozen soils will lead to plastic deformations first, growth of the mound, and subsequent explosion.

During gas hydrate decomposition, a certain balance between pressure and temperature is observed. In the case of incomplete decomposition, when the thermobaric conditions change, the temperature or pressure is returned to the equilibrium value [5]. In the R. Hunt’s experiments of modeling the conditions of gas hydrate decomposition in the core, it was shown that after each pressure drop, it returned to values corresponding to the reservoir [12]. In the case of the Yamal crater, the pressure resulting from gas hydrate dissociation will be maintained throughout the formation of gas-saturated ice. In the dissociation zone, the pressure will decrease due to the outflow of gas fluids, but it will be constantly reestablished as long as the thermobaric conditions are preserved or the gas hydrates exist.

We estimate the minimum pressure that is necessary for the explosion, which caused the the Yamal crater formation. It is assumed that the gas under pressure pushes out a body made up of a conical and cylindrical parts (Fig. 22.4). The required pressure value depends on the depth of the ejection.

Fig. 22.4

Scheme of the ratio of the conical and cylindrical parts of the Yamal crater
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The conical walls at the upper part of the crater have traces of soil fissure at an angle of 40–60° to the horizontal, while the almost vertical walls of the lower part have smooth surface of frozen soil [4]. Therefore, the upper part of the ejected body is represented in the shape of an inverted truncated cone with lower radius R1 and upper radius R2. The height is equal to H.

The detachment occurs under the tensile stresses σ distributed along the lateral surface of the cone. In order to “break” the upper part of the ejected body by pressure from the depth H, it is necessary to overcome the vertical adhesion of the lateral surface with the soil (F), the weight force of the cone (G), and the force of atmospheric pressure (P0) distributed over the outer surface of the area πR22. Thus, the critical pressure at a depth H is equal to
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22.1

The vertical adhesion 

F=[σ]cosϕπ(R1+R2)H2+(R2−R1)2−−−−−−−−−−−−−−√F=[σ]cos⁡ϕπ(R1+R2)H2+(R2−R1)2
,

[image: image6.png]i
G = 8Pu3 (Ri> + R> + RiRy),and Po = pyrRy?, 2




where [σ] is the maximum permissible tensile stress and 

ϕ=arctgHR2−R1ϕ=arctgHR2−R1
.

We set the quantities in the above equations equal to R1 = 12.5 m, R2 = 18.5 m, H = 8 m, ρ = 1.6t/m3, [σ] = 0.4 МPа,and g = 9.8 m/s2. Then F = 6.4910 n, G = 9.5910 n, P0 = 1.0710 n, and P = 8.5310 n. The critical pressure is 

p∗H=1.74MPapH∗=1.74MPa
. The results are close to the calculations of V. I. Bogoyavlensky and I. A. Garagash, who determined a pressure of even 1.25 MPa for the frozen roof destruction of the 

Yamal crater

 [4].
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Pressures of the soil outburst at different depths were calculated. At a depth h > H, it is necessary to take into account the weight force of the cone (G) and the vertical adhesion of the lateral surface with the soil (F). Assuming a cylindrical body to be circular, its radius is R1 = 12.5 m, and the height is equal to h − H. In this case P = F + G. Force G = gρмгπR2(h − H) and F = [τ] ⋅ 2πR(h − H), where [τ] is the maximum permissible tangential stress on the cut. Then the critical pressure is equal to

p∗h−H=PS,ph−H∗=PS,
22.2

where P = F + G,  S = πR12,

and

p∗h=p∗H+p∗h−Hph∗=pH∗+ph−H∗
22.3

Setting the value [τ] = 1.0 МPа and the value h − H = 10 m, we get 

p∗10=1.76MPap10∗=1.76MPa
. The dependence of the critical pressure on the depth is presented in Table 22.1 and Fig. 22.5.

	Table 22.1

Dependency of exploding pressure from the depth

	Depth, h, m
	8
	18
	28
	38
	48
	58

	Pressure, 

p∗hph∗
, MPa
	1.74
	3.50
	5.26
	7.02
	8.78
	10.54


Fig. 22.5

Dependence of the ejection pressure on depth
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At a depth of more than 20 m, the pressures created by gas hydrate decomposition in the range of the temperatures mentioned above will not lead to the soil outbreak, especially at a depth of 60 m. The above process of successive layer-by-layer destruction of gas-saturated frozen soils allows to overcome this discrepancy.

22.6. 

Scenarios of the Possible Development of Explosive Processes in Permafrost

The considered example of Yamal crater formation is only one example for the development of gas emission crater. The difference in natural conditions causes different scenarios for the preparation of explosive processes in permafrost.With a slight and short-term increase in temperature, gas hydrate dissociation can quickly stop. As a result, a zone of increased porosity will be formed in the permafrost due to small gas cavities. If the lake is deep enough and the thick talik formed under it, then the gas during the hydrate dissociation will be released from the bottom of the lake. This is observed in many lakes on the Yamal Peninsula [21]. The gas release lasts from several months to several years, but without an explosion since there is a possibility of its free discharge. If hydrate-bearing permafrost occurs at a shallow depth (the first tens of meters), the pressure of the gases that arise from the gas hydrate decomposition can cause an explosion, bypassing the stage of fluid migration. In this case the mound preceding the explosion will be weakly expressed and even absent.

22.7. 

Conclusion

The primary reason for the Yamal crater formation is the gas hydrate dissociation in permafrost. This process is caused by local warming of soils under the influence of a surface water body. Under the lake, an area of thermal impact is formed, which has a two-membered structure. Directly below the lake, there is a thaw zone with temperatures above 0 °C, in which below is a zone of high-temperature permafrost (−1… −3 °C). After the zone of high-temperature permafrost reaches the horizon of hydrate-containing permafrost, the mechanism of gas hydrate dissociation is triggered.

The study of the Yamal crater made it possible to reveal the stages of its development. Each stage corresponds to a certain set of transformation processes of permafrost and certain elements of the structure of the crater. As a result of gas hydrate dissociation, a zone of increased pressure exceeding hydrostatic is formed. Then gas fluids penetrate into the overlying layers. The uplift of the gas-saturated icy soil mass leads to the formation of a mound. When the plastic deformations of the frozen roof reach the ultimate strength, it breaks, and the gas-saturated icy soil mass is ejected, and a crater is formed.

The Yamal crater is a special case of a whole group of phenomena, commonly called the gas emission craters. Gas hydrate dissociation can occur in local zones of permafrost temperature rise under surface water bodies, in areas with favorable surface conditions, or in man-caused impacts and occurs at negative temperatures. Depending on the ratio of various factors, scenarios for gas emission crater development and, accordingly, their morphology can differ.

Gas-emission permafrost craters are the geohazards for constructions and operators. As exploration of the Arctic is developed and the thermal impact on the permafrost increases, the risk of explosive processes for engineering structures will increase. This type of geohazards is still poorly understood; therefore, it is necessary to conduct complex field, laboratory, and experimental-methodological work on their study. Nevertheless, this group of processes is not taken into account in the design, calculations, and forecasts of the interaction of the engineering structure with the permafrost, but it is not even included in the classification of dangerous geological processes.
 
The study was carried out at various stages of investigation with partial support from the grant of the Russian Academic State Task #AAAA-A18-118022190065-1 and the RFBR grant #17-05-00294.
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