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Abstract

:

Detailed analysis of five gas emission craters (GEC) found in the north of West Siberia is presented. Remote sensing data used in the study is verified by field surveys. Previous studies show that all of the GECs were preceded by mounds 2 to 6 m high and 20 to 55 m in diameter. GECs initially were 20–25 m in diameter, which increased in the first years of their existence. GECs are found in various environmental (shrublands or moss-grass tundra) and geomorphic (river valley, terrace, slopes) conditions. The objective of the paper is to identify common and differing geomorphologic and environmental characteristics of all the five GEC, and their mound-predecessors. The study is based on a compilation of DSMs before and after the GEC formation using very high-resolution satellite imagery stereo pairs compared to ArcticDEM project data. Diversity of terrain and environmental settings along with rather a narrow range of GEC and mound-predecessor morphometric parameters allows concluding that the mechanism of GEC formation is most likely similar for all the GEC and is controlled rather by internal geologic and cryolithologic structure than by any surface properties.
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1. Introduction


Gas emission craters (GECs) comprise a recently observed phenomenon in the permafrost zone. The first known GEC was discovered in the central part of the Yamal Peninsula in the summer of 2014. This discovery prompted studies of this feature and a search for similar craters. Information from local residents helped to discover other GECs. As of now, just a few features of this kind have been surveyed in the northern part of West Siberia (Figure 1). Although some researchers also depict other GECs [1,2], there are no published findings from comprehensive operations similar to those carried out on GECs shown in Figure 1. For that reason, other GECs will not be considered in this paper.



Initially we obtained information on the GECs position from field and helicopter observations. We compiled multi-temporal digital surface models (DSM) for an area around each GEC to reveal changes in the relief caused by mound and GEC formation. We established earlier that GEC-1 and AntGEC were preceded by mounds of various height [3,4,5]. These two GECs appeared to differ substantially in terms of their geomorphic position. AntGEC is located on the edge of a terrace; GEC-1 is located at the foot of a gentle slope.



Data on the morphometric properties of GEC-2 and GEC-3 have not been published thus far. Publications [1,6] only provided fragments of satellite images showing the state of the area before and after several GECs formation. Bogoyavlensky et al. [7] analyzed SeYkhGEC development by reviewing the event itself, and the resulting landforms, as well as remote sensing data before and after SeYkhGEC formation.



Due to a limited number of GECs, statistical analysis of GEC morphometry is not appropriate, yet an overview can be applied along with a qualitative/semi-quantitative classification of the environment in known GEC locations, including relief and microrelief, vegetation, hydrology, cryolithology, cryogenic processes, and landforms. Similar studies were performed by Khilimonyuk et al. [8] and Buldovicz et al. [9]. However, only a single GEC-1 was under study and those findings cannot be extrapolated to GECs located in other environmental and geomorphic conditions.



Special attention is paid to quantitative analysis of morphometric properties of mound-predecessors and GECs occurring in their place. Such an analysis can be done by processing satellite imagery and requires no field observations that are no longer possible once GECs had formed and flooded in a year. Accordingly, such analysis can provide the basis for identifying mounds with a similar nature and successive growth.



The objective of this study is to identify the common and differing geomorphic and environmental features of all GECs surveyed. We looked at (1) terrain features in GEC locations, (2) environmental surroundings of GECs, (3) morphometric parameters of mound-predecessors, (4) morphometric parameters of successive GECs, and (5) terrain changes caused by GEC formation.



Morphometric analysis is based on results from the processing of multi-temporal remote sensing satellite data and derivatives of the latter, as well as the field survey. Field survey has provided data on morphometric parameters of the terrain in key locations, their landscape, and geobotanic structure. Furthermore, the pattern of scattering of material ejected out of GEC was identified as supplemental information on the expelling force. It can be assumed that varying parameters are of little relevance for GEC formation, while common parameters can be considered as probable controls of GEC formation.



Considering the unavailability of actual detailed topographic maps, local DSM covering study sites are needed to access the current changes in relief. Depending on the size of the studied landforms (in plan and height), the necessary and sufficient detail level of such DSMs is selected. Taking into account the tasks of a retrospective analysis of changes in the relief with dimensions of a few meters in height and the higher availability of optical satellite imagery data with a sub-meter resolution, we selected these materials as a source for DSM extraction. We tried to get the most detailed models performing the data processing, and as a result, DSMs with a high node density of 1 m were obtained.



We have sampled and analyzed remote sensing data for four GECs in the Yamal Peninsula and 1 GEC in the Gydan Peninsula (Figure 1). Additionally, field data of various thoroughness were obtained for GEC-1, GEC-2, and GEC-3 in Yamal and AntGEC in Gydan. We did not visit SeYkhGEC infield, but it is necessary to include it in our research as an object with a similar mechanism, but the contrast in geomorphic position as it is located in the riverbed. For this GEC, we did not create a DSM but only used the ArcticDEM data [10] and multi-temporal satellite imagery. We also relied on published findings from a field survey of SeYkhGEC [7,11].




2. Study Area, Materials, and Methods


2.1. An Overview of the Study Area


All known GECs are located in the northern part of West-Siberian Lowland. This region is characterized by continuous permafrost with rather low ground temperature (−4 to −7 °C on average) [12], thick layers of tabular ground ice in the geological section, and methane in the form of both gas and gas clathrates in the upper 120 m of the section [13,14,15]. The relief in the study area consists of several geomorphic units including a floodplain 0–5 m high, and a series of fluvial-lacustrine-marine plains and terraces within the height interval of 7–85 m, dissected by rivers, lakes, drained lake basins (khasyreys), and thermoerosion ravines and gullies. High-centered sand polygons and polygonal peat plateaus often occupy flat hilltops of the plains, otherwise represented by hummocky tundra landscapes. High willow shrub thickets mainly cover concave slopes while dwarf birch shrubs dominate convex slopes.



Immediate surroundings of the GECs under study represented by a square 25 km2 in area have been identified as key sites. For these areas, stereo pairs of very-high resolution satellite imagery were ordered, DSMs created, and fieldwork carried out. There are certain differences in the geomorphic structure of key sites, identified by the analysis of field data and DSM interpretation.




2.2. Field Survey


Field studies have provided data on environmental characteristics of GEC locations (key sites), their cryolithology, and more [16,17,18,19]. The range of methods included photo documentation and sampling of ground ice and enclosing deposits, with a description of the surrounding landscape structure and occurrences of relief-forming cryogenic processes. Thematic interpretation of remote sensing data was carried out in the field as well. Several repetitive measurements of GEC rim and wall retreat due to the thaw and collapse of icy sediments were performed. The spatial position of frozen blocks ejected during GEC formation was identified during fieldwork as well. Findings from a field survey of SeYkhGEC and GEC-2 photographs taken from a helicopter in 2012 [20] were used to interpret the cryolithologic structure of ejected blocks and to confirm the presence of in-situ ice in walls of these GECs.




2.3. Remote Sensing Data Processing


To obtain morphometric properties of key sites and to identify changes in terrain associated with GEC formation, multi-temporal DSMs characterizing surface conditions before and after crater formation have been plotted and analyzed. An alternative is the analysis of the publicly available ArcticDEM circumpolar product [21]. Contemporary studies of Arctic regions rely extensively on ArcticDEM data for analyses of surface changes and morphometry of landforms. The Discussion below assesses the applicability of these data [10] to resolve tasks set in this study. Paper use the following ArcticDEM Stripes [10]: 1) based on images dated 19 April 2016 for SeYkhGEC, 2) based on images dated 09 June 2013 for GEC-1, 3) based on images dated 16 June 2016 for GEC-2.



A common issue for all key sites is poor availability of very-high-resolution (<1 m) images, especially stereo pairs. Thus, an important part of the research included approbation of a methodology for DSM extraction out of stereo pairs, obtained by different sensing systems as well as multi-temporal acquisitions (random stereo pairs).



We had chosen the semi-global matching (SGM) method for DSM extraction from stereo image data, based on past studies where stereo pairs compiled from multi-temporal images were processed [22,23]. SGM was first proposed by Hirshmuller with a detailed exposition in a 2005 paper [24] and subsequently refined [25,26]. Due to the metrics that are used, and innovative proximity computation techniques, this method yields dense points cloud extraction, even when multi-temporal images are taken at different illumination, spatial resolution, and low base to height ratio.



Remote data processing comprised a succession of the following stages:




	
Selecting satellite imagery closest to the determined time interval of the study GECs formation.



	
Photogrammetric processing of stereo pairs and DSM extraction.



	
DSM analysis, including computing the amount of ejected material and identifying changes in terrain.








2.3.1. Selecting Stereo Pairs of Satellite Images for DSM Extraction


At the first stage, we determined the date of formation for the GECs with known coordinates. To perform this task, we used available satellite imagery (Table 1). Formation dates of AntGEC and SeYkhGEC only were reported by observers (local residents).



At the next stage, we searched for very-high resolution images based on the established time of GEC formation and implemented them to compose stereo pairs and DSM. Stereo pairs were supplemented by available scenes (Table 2): (a) normal stereo pairs, (b) individual scenes from different orbits, including images from different satellites. The above-mentioned method was tested for the GEC-2 key site by composing a stereo pair from images taken by different camera systems over a multi-year timeframe (GeoEye-1 on 30 July 2010, and WorldView-2 on 11 September 2011), while the stereo pair for GEC-3 was composed of images acquired by a single WorldView-1 system but on different dates (5 June and 9 June 2011).




2.3.2. Photogrammetric Processing of Satellite Imagery


Compiled stereo pairs underwent photogrammetric processing with the ScanEx IMAGE Processor software package using a method described earlier [4]. The following sequence of operations was carried out: (1) alignment of images with each other using third-order rational polynomial coefficients (RPC); (2) automatic tie point measurement; (3) generation of a normalized stereo pair (transforming images into an epipolar plane); (4) generation of DSMs automatically; (5) post-processing of the resulting DSMs, filling over voids and artifacts, resulting from incorrect parallax computation in occlusions during automated stereo matching; (6) transformation of the resulting models into orthographic projection; (7) orthorectification of the left and right stereo images.



After the aggregated stereo image pairs were processed (Table 2), DSMs were created with a 1-m resolution in the Universal Transverse Mercator (UTM) projection with orthometric heights relative to the EGM2008 geoid.



The relative precision of DSM in terms of height was assessed using a method described and tested earlier [5]. This estimate is based on satellite orientation and scanning and relies on automated stereo matching methods providing sub-pixel precision (penultimate column in Table 2).



Tundra vegetation is mainly presented by grass and low shrub communities with height not exceeding 0.5 m above the surface. This height is within DSM relative height accuracy. Therefore, we exclude vegetation cover from the analysis of DSM as a possible reason for the relief change. All changes in DSM between various time slices we consider as changes in relief.



Source satellite imagery was subjected to orthorectification based on DSMs compiled in this study. We used the orthorectification algorithm of Sonyushkin [27], which preserves photometric properties of source images, a crucial factor for automated thematic interpretation. Due to detailed DSMs (1-m resolution), the quality of resulting orthophotomaps allows us to compare them at the pixel level.




2.3.3. Computations from DSM


Considering that relative height accuracy values are close enough (mainly between 0.35 and 0.55 m) for all multi-temporal DSMs (Table 2), a comparison can be performed across key sites. Changes in relief were computed as a difference between DSMs before and after GEC formation. When performing the analysis of the DSM difference, the confidence level was introduced. The confidence level values for each DSM pair was calculated as the square root of the sum of the squared accuracy of each DSM in pair since the accuracy values obtained can be considered independent values (Table 2, last column). Thus, relief changes not exceeding this level were excluded.



The slope value of the surface surrounding mound-predecessors was calculated using the average maximum technique [28]. Mound-predecessor location steepness was characterized by slope angle values from the nearest pixels around mound foot. A range of values was listed in case the slope angle varied in the vicinity of the mound.




2.3.4. Analyzing Dynamics of the SeYkhGEC Mound-Predecessor Growth


The SeYkhGEC mound-predecessor formed in such a short time (three–four years) that its growth fits entirely into a time interval for which high-resolution images are available. Landforms from multi-temporal imagery were interpreted to identify the dynamics of mound-predecessor growth. A historical analysis of SPOT5 imagery from 2011 and 2012 and SPOT7 imagery from 2015, 2016, and 2017, allowed us to identify clearly observable lateral riverbed deformation in the location of mound-predecessor. The dimensions of the resulting mound and its growth dynamics are calculated using riverbed deformation values.






3. Results


3.1. Geomorphic and Environmental Characteristics of Gas Emission Crater Key Sites


Analysis of available field data on environmental and geocryological settings of key sites, together with the respective DSMs, allowed to identify both similarities and significant dissimilarities in the geomorphic properties of GECs location. The characteristics detailed below encompass each key site as a whole, while Figure 2 only shows fragments immediately adjacent to the GEC.



GEC-1 key site: surfaces adjacent to the watershed are represented by lowered remnant hills presumptively belonging to the IVth Kazantsevskaya Plain [29], 40–50 m high, substantially dissected by thermoerosion and thermokarst features that are strongly turfed and waterlogged. Peripheral areas of hilltops are characterized by a polygonal microrelief experiencing various stages of degradation. Lakes and drained-lake depressions are associated with bottoms of erosion valleys. Small (80 to 240 m in diameter) lakes occur in upper portions of valleys and on slopes (Figure 2a). Cryogenic landslides are abundant along lakeshores and in valleys. Narrow remnants of rather a low (19 to 22 m) terrace occur in the northern part of the key site. While tundra vegetation with low shrubs dominates watershed surfaces, tall willow thickets occur at slope foot and in the valleys. Sandy-loamy deposits enclosing rather thick layers of ground ice are exposed in the walls of active thermocirques. GEC-1 is located at the foot of a gentle slope overgrown with shrubs next to a drained-lake depression.



GEC-2 key site: Terrain dominating the area is represented by surfaces 54 to 66 m high, highly dissected, gently sloping at 1–3° from narrow watersheds of the IVth Kazantsevskaya Plain 60 to 400 m wide to erosion valleys and drained-lake depressions (Figure 2b). Cryogenic landslides occur widely on slopes. Vegetation is very much the same as in the GEC-1 key site; moreover, landslide-affected slopes are overgrown with tall dense shrub-willow thickets. GEC-2 is located in the upper part of a thermoerosion-thermokarst valley opening into the drained-lake depression with Nyudimdato residual lake.



GEC-3 key site: Similar to previously described key sites, only a small portion of the area is occupied by watersheds of the IVth Kazantsevskaya Plain. Valley bottoms are narrow with a 20 to 30-m wide floodplain. Unlike other areas, the proportion of relatively steep slopes of 7–15° is more frequent because they are densely and deeply dissected by thermoerosion (Figure 2c). Immediately around GEC-3, within a radius of 1000 m, watershed surfaces 36 to 50 m high are represented by rolling hills. Willow thickets occur in narrow river valleys. GEC-3 is associated with the foot of a hummocky slope 3° to 7° steep. The slope is descending to a narrow, flat bottom of the river valley.



AntGEC key site: hilltops are represented by remnants of the IIIrd fluvial-marine plain [29] ranging between 40 and 53 m in height, dissected by thermoerosion and thermokarst. Terrace-like hilltops are surrounded by low river terraces and floodplain of the Yuribey river and its tributaries featuring oxbow lakes (Figure 2d). Terrace-like surfaces are covered differently from previous Yamal sites by grass-dwarf shrub-moss-lichen tundra growing on sandy-loamy soils. The exterior parts of these remnant hills feature wind-blown sand depressions. Valley bottoms are overgrown with grass-moss vegetation and only occasional willow shrubs. AntGEC occupies the periphery of a watershed of the IIIrd plain, contacting with a slope of a gully dissecting the hill and is surrounded by polygonal microrelief and windblown sands with sparse vegetation.



SeYkhGEC key site: hilltops 10 to 18 m in height are represented by fragments of the Ist marine-lagoonal terrace and lowered by denudation remnants of the IInd marine lagoonal terrace [30]. Hilltops are considerably reworked by thermokarst and occur fragmentarily. Thermokarst lakes are abundant. Floodplain with ridges and oxbow likes are typical features of the bottom of the meandering Myudriyakha River (Figure 3). Surfaces show a well-developed polygonal microrelief associated with thawing out of polygonal ice wedges, as well as wind-blown sands. Moss and grass vegetation complexes cover slopes, while point bars along the river channel are barren. SeYkhGEC is located on a bare surface adjacent to the former riverbed of Myudriyakha after the river had changed its course.




3.2. DSM Interpretation


Field surveys and photographs taken from helicopter prove that GEC-1, GEC-2, and AntGEC have a similar internal structure characterized by a funnel-shaped upper part and a cylindrical lower part [3,4,19,31]. There are no data on the structure of GEC-3 and SeYkhGEC due to the lack of observations, as well as no DSMs covering the timeframe between the formation and inundation of these GECs (GEC-3 was flooded by atmospheric waters and thawing permafrost, and SeYkhGEC was flooded by river waters before first observation was made possible, on 1 July 2017). Diameters across the top edge of the funnel-shaped part of GECs measured at the earliest convenience are presented in Table 3.



Mound-predecessors and the resulting GECs appearance on satellite imagery are presented in Figure 4, as well as the position of transects along which elevation profiles characterizing relief variations are plotted.



Mound-predecessor dimensions were measured using DSMs and elevation profiles derived from DSMs presented in Figure 5. Profile locations are shown in Figure 4. Table 3 presents the morphometric properties of mound-predecessors, their heights ranging between 1.7 and 6 m.



Mounds’ base ranges between 20 to 55 m in diameter. The diameter of SeYkhGEC mound-predecessor was evaluated using the magnitude of the Myudriyakha river channel deformation. In 2016, a year before the GEC appeared, the river channel had formed a meander of about 55 m at a longer axis. Using the ArcticDEM dated 19 April 2016, the difference in heights at the top and foot of mound-predecessor was as high as 1.7 m. Given that snow cover can get thicker downhill at this time of the year, the mound was almost certainly higher than 1.7 m.




3.3. Evaluating Relief Changes—An Estimate of Ejected Material Volume


We have computed the amount of material ejected from GEC-1 and deposited around the perimeter in the form of an accumulative parapet [3]. Our computation relied on the difference between DSMs of 2013 and 2014 (Table 1). The volume of the partially destroyed mound and blocks of frozen deposits thrown out of the GEC are equal to 11,200 m3 while the resulting parapet has a volume of 1940 m3 [3]. The difference between the void volume inside the crater and the volume of the accumulative parapet around the GEC is explained by a significant amount of ice in the ejected frozen blocks that thawed away next summer.



Thus far, GEC-1 remains the only feature promptly surveyed by researchers while still exposed to observation. Among other things, records of key morphometric properties of the resulting GEC were made including its depth. As far as there are no depth data from field surveys on other GECs, we believe it would be incorrect to compute the amount of ejected material and to compare various GECs using this parameter. Depths of resulting GECs cannot be assessed when analyzing stereo pairs of satellite imagery due to the occlusion depending on camera system orientation angles, lighting conditions, and geometry of GECs themselves. We suggest various proxies to estimate the volume of ejected material, such as the volume of the parapet.



Helicopter photographs obtained soon after the formation of GEC-2 clearly show an accumulative parapet in its surroundings together with individual blocks of frozen deposits and ice ejected to the surface [19]. Due to the absence of very-high-resolution stereo pairs showing the parapet at the time of its formation prior to its washing out and inundation of GEC-2, only visual estimates of the parapet volume can be made. Width, average height, and shape of the parapet were measured in field, on photos, and imagery and then approximate volume calculated. Roughly, ejected material was 1/3 to 1/2 less in volume than that for GEC-1.



A comparison of DSMs for the GEC-2 key site before and after the formation of the GEC reveals a zone where the elevation of the surface has decreased (Figure 6). This zone occurs south-west and east of the GEC-2 inner lake. The difference in height between surfaces of different age stands at 2–3 m (GH profile in Figure 5 and Figure 6), which exceeds the relative height accuracy for differences between DSMs (Table 2, last column) to consider this difference as significative. The GEC-2 inner lake measuring 108 × 65 m in size in the photograph dated 21 July 2013, significantly exceeds GEC dimensions of 32 to 35 m in diameter estimated on helicopter photographs from 14 November 2012 [19] and satellite imagery.



There are no field photographs for GEC-3 close to its formation time. DSMs difference confidence level (Table 2) and residual snow accumulations make it impossible to estimate the volume of the accumulative parapet. Yet, we consider that the amount of ejected deposits (excluding melted ice) was less than in the case of GEC-1 and GEC-2. There is no pronounced parapet. Impact landforms do not show up as would have been as a result of the ejection of large frozen blocks.



Lack of information on SeYkhGEC DSM and field data time series does not allow to estimate terrain changes and the amount of ejected material.



Relief changes associated with AntGEC formation were analyzed using DSMs generated earlier [4,5]. Superficial sandy deposits occur widely around AntGEC. It is surrounded by a blanket of ejected sand observed in the field and visible on imagery. No accumulative landforms thicker than 0.9 m were observed. Once thawed, ejected blocks of sand and ice did not leave any clear accumulative forms. Field observation has recorded just blurred spots of sand atop the vegetative cover. For this reason, we were unable to determine the amount of ejected out of this GEC material.



Based on provided data we believe that among all GECs surveyed, GEC-3 and AntGEC had the least amount of material ejected upon their formation.





4. Discussion


4.1. Gas Emission Craters Formation Dates


Landforms under discussion are extremely dynamic. Time span between GEC formation and the closest time of acquisition matters a lot in terms of the crater size, degree of its flooding, and state of the frozen blocks ejected. The fact that this time span differs for various GECs make it complicated to conclude on relations between the parameters of the mound-predecessor and the resulting crater.



The GEC-1 formation timeframe was estimated to be between 9 October and 1 November 2013 (Table 2) based on the analysis of Landsat 8 imagery [16]. Our interpretation of imagery was guided by the following considerations. According to the measurements taken during the field survey on 16 July 2014 [31], as well as interpretation of WorldView-1 images dated 15 June 2014, the rim of GEC-1 was 25–29 m in diameter. As far as this GEC formed in the fall of 2013, since then its rim had retreated from its original size due to the thaw and collapse of its frozen icy walls. Based on a series of multi-temporal images, we suggest that a small (1.5 × 1.5 pixel) dark patch (with low reflectivity) is a GEC that can be interpreted with confidence in images starting 1 November 2013 [3,16]. Simultaneously, a light (high-reflectivity) patch appears on these images. Its spatial position coincides with the accumulative parapet clearly visible on later, very-high-resolution images from the summer of 2014. The expansion of the dark patch until 3 April 2014, can be explained by the fast melting of a thin layer of snow over the accumulative hillocks within the parapet that formed in the fall, 2013. These forms, clearly visible, were the first to expose from the snow.



A publication by Sizov [1] offers another viewpoint concerning GEC-1 formation time using the same Landsat imagery. Sizov concluded that GEC-1 had formed between 21 February and 3 April 2014. Different readings of identical images arise due to small dimensions of the newly formed object relative to image resolution (15 m per pixel). It would be impossible to validate any viewpoint using more detailed imagery as none is found in global operators’ catalogs. Thus, the difference in GEC-1 formation dates remains within the range of 9 October 2013, to 3 April 2014, i.e., the GEC was formed between fall 2013 and spring 2014.



Sizov [1] pointed out that GEC-2 had formed no later than 2 May 2013, by highlighting a depression on a snow-covered Landsat image. Images listed above (Table 2) have enabled to narrow considerably the GEC-2 formation timeframe down to 16 days—between 24 September and 15 October 2012.



The wide GEC-3 formation timeframe between 22 October 2012 and 10 June 2013 (Table 2) is due to a lack of cloud-free images between identified dates with a resolution sufficient for confident interpretation of the newly formed GEC (no more than 15 m per pixel).



There are no discussions concerning AntGEC and SeYkhGEC formation dates in literature, the only source being reports from local citizens pointing particular dates of 27 September 2013, and 28 June 2017, respectively (Table 2).




4.2. Geomorphic and Environmental Patterns Associated with Gas Emission Craters


GECs under study reveal an extremely wide range of geomorphic settings (Table 3). All GECs in the Yamal Peninsula are associated with geodynamic accumulation zones, such as slope foot adjacent to valleys of permanent or temporary streams (GEC-1, GEC-2, GEC-3), or a river channel (SeYkhGEC). Slopes are rather gentle since they are never steeper than 7°. All these areas are low and wet, with increased snow accumulation in winter. In that respect, the only known GEC in the Gydan Peninsula (AntGEC) is different. It is located at the border between a denudation zone and a transit zone downslope, on the edge of a watershed surface. This terrain inflection is sloping at 7–15°, several times steeper than slopes of surfaces where Yamal GECs had formed. AntGEC is the only GEC to form on a well-drained surface with sandy deposits. However, none of the known craters is located in the central part of the watershed surfaces.



Differences noted in the GEC position regarding terrain contradicts the hypothesis proposed in [7,9] stating that the GEC form by exploding of perennial frost mound (known as a bulgunniakh, or pingo, resulting from freezing of a drained lake talik) in a closed system. The existence of such a talik can be assumed under a lake in the area of GEC-1 (even though this GEC is located at the foot of a slope). However, the location of all other GECs (GEC-2, GEC-3, SeYkhGEC, AntGEC) on slopes or in the river channel is not appropriate to the formation of a closed talik that could yield a frost mound upon freezing over.



The height of the mound-predecessors correlates well with the diameter of their base. The exception is the mound-predecessor of SeYkhGEC. Perhaps the overestimated diameter of this mound is since it was determined by ArcticDEM Stripes, based on images dated 19 April 2016, and the foot of the mound was covered with snow.



GECs are actively expanding due to the thaw and collapse of frozen icy walls, and are flooded by water from melted ground ice, snow accumulating inside the craters in winter, and rainfalls. GEC diameters across their rims were determined after different times elapsed after their formation. All the studied GECs have closely matching diameter values within 25–37 m (Table 3). Based on field observations, satellite imagery analysis, and the period between the formation of the GECs and the date the measurements were taken, we believe that all GECs were initially 20–25 m in diameter. It should also be noted that the diameter of the crater is not related to the size of the mound-predecessor. AntGEC had the smallest mound-predecessor with relative height and diameter two to three times less than in other GECs, but the diameter of the resulting crater was the same. Perhaps the similarity of the diameters of the GECs is explained not only by the pressure of gas that led to the formation of the mound-predecessors but also by the mechanical properties of the deformed frozen rocks when bending deformation occurs.



The SeYkhGEC is unique as its mound-predecessor was located immediately next to the Myudriyakha river channel. At SPOT5 images from 2011 and 2012, the river course in the study area is stable and virtually straight with a small indentation on the south-eastern bank (Figure 7). SPOT7 images from 2015 and 2016 showed extensive dynamics of mound growing and river channel bending. After the GEC had formed on 28 June 2017, it was immediately flooded.



Analyzing multi-temporal imagery for SeYkhGEC we suppose that the life cycle of a GEC, including the growth and explosion of its mound-predecessor, can be as short as three–five years (and even shorter for SeYkhGEC; from 2015 to 2017). Similar estimates were made by other researchers who suggested that ground surface deformation started in this area in 2013 with most active motion having occurred between 2015 and 2017 [7]. In comparison, the life cycle of GEC-1 was calculated using dendrochronology at around 65 years [32]. The SeYkhGEC crater appearance supports our conclusion that the extremely warm summer of 2012 was a trigger of several GEC formations. This warming, probably, was insufficient for the blow out of SeYkhGEC mound-predecessor, but only for its growth. Probably, this mound-predecessor experienced “heat-struck” once again during an even warmer summer of 2016, which caused its explosion.



A significant diameter of the Myudriyakha river course expansion observed on a satellite image one month after SeYkhGEC formation can be explained, first, by a considerable force behind material ejection and formation of a huge GEC in the place of a mound-predecessor; and second, by intense destruction of SeYkhGEC walls due to river erosion. Bogoyavlensky et al. [7] mentioned riverbank erosion rates as high as 1.47 m per day immediately after GEC formation.



It should be noted that we disagree with the mechanism of the formation of a mound-predecessor in a river channel proposed in the paper being a frost mound (pingo) [7]. A classical pingo with an ice core is driven by cryostatic or hydraulic pressure. Such conditions do not exist in a river channel where there is a warming effect of water. Talik in the river bottom does not freeze back in winter; thus, cryostatic or hydraulic pressure is not produced. Talik beneath the riverbed would not allow the formation of an ice core through migration or intrusion mechanism. We believe that a positive landform (GEC mound-predecessor) results from surface deformation affected by gas migration and expansion. This process has no relation to classic pingo growth schemes [33,34,35]. Misusing the term “frost mound” (“pingo”) in this case would cause terminology confusion and wrong understanding of the particular origin of the phenomenon under consideration. Better explaining our feature is the term “gas hydrate pingo” used in literature when discussing sea-floor landform-predecessors of pockmarks [36].



The internal structure of GECs was observed in GEC-1, GEC-2, and AntGEC. However, we assume the nature of all GECs to be identical in mechanisms and triggers. Thus, as they were not observed before inundation, SeYkhGEC and GEC-3 most likely had the same structure of cylindrical lower part and funnel-shaped upper part.



The presence of tabular ground ice in GEC walls is a common feature of all GECs. Ice is an important control of GEC formation [17,18,37,38,39]. The release of methane from permafrost (including gas hydrate decomposition) is likely caused by rising air and ground temperature over the past decades. The formation of all GECs was preceded by anomalously warm summers [40,41]. Gas may accumulate in cryopegs below tabular ground ice layers serving as traps [16,42,43]. Irregularities in the tabular ground ice body together with its rough base yield favorable conditions for gas concentration that later causes deformation of ice and overlaying deposits thus forming a mound-predecessor.



We revealed the effect of lowering the surrounding surface only in the vicinity of GEC-2 (Figure 6). A comparison of the DSMs before and after the formation of GEC-2 for this area showed a negative change in height up to 2–3 m (Figure 6b). Part of this area was flooded by lake water. This subsidence of the surface within a radius of 80 m from the crater occurred in the first six months after the formation of GEC-2. During the same half-year, a big lake appeared due to flooding of the crater, with a diameter six–seven times larger than the initial diameter of the crater [20]. Since then, the lake has been increasing in size only due to the thawing and retreat of the steep lake shore in the northern part of the lake [7]. In the southern part of the lake, the shore has not eroded and is represented by a flooded, gently sloping towards the center of the lake surface with grass vegetation emerging through the water (Figure 6a). The position of the shoreline in this part of the lake remained stable as confirmed by comparison of field survey in September 2017 and the 2013 satellite image. Such surface flooding is possible only if a portion of a valley where lake is forming has a reverse sloping of valley profile. We assume that during the explosion of the mound-predecessor in the fall of 2012, gas released and a cavity left in which gas had accumulated beneath the ice layer serving as a trap [17]. Probably, during the explosion, cracks formed in the upper horizons of the frozen deposits, and the blocks settled into the cavity freed from the gas and gas hydrates.




4.3. Applicability of Remote Sensing Data


We conducted raw image processing with DSM extraction. Since various products of satellite images post-processing are in open access, it became necessary to assess the applicability of various types of data to solve our tasks.



DSM relative height accuracy (0.35–1.01 m for GEC-3 and AntGEC, see Table 2) makes up 12–34% for rather low mounds 23 m in height preceding formation of GEC-3 and AntGEC (Table 3). For GEC-1 and GEC-2 mound-predecessors are 4 to 6 m high (Table 3), while the relative height accuracy (0.35–0.45 m) of DSM comprises only 7–10% of their height. Thus, DSMs’ relative height accuracy is crucial for the estimation of lower mounds height, which is rather close to the height accuracy itself.



We also considered the usability of the ArcticDEM covering the Arctic region to identify features linked to GEC formation. ArcticDEM v3.0 with a 2-m spatial resolution is available currently. The comparison between our DSM compiled for GEC-1 (see Table 2) and the ArcticDEM Stripes data, based on the same images, both allowed to identify the mound-predecessor and to determine its morphometric properties (Figure 8). Both products render the mound in a very similar manner with differences only in representing microrelief due to higher spatial resolution of authors’ DSMs. Considering that an example in Figure 8 confirms the local accuracy of mound-predecessor identification, we believe that ArcticDEM Stripes can be used when searching for other mound-predecessors or predicting the occurrence of new GECs.



However, there are limitations concerning the use of this data. These limitations arise due to the automated process used for generating the ArcticDEM without a thorough spatial analysis for possible artifacts on the resulting surfaces. Such artifacts may take place from stereo matching errors in the presence of clouds, cloud shades, and errors associated with waterway surfaces (both open waters and icebound). It is furthermore important to consider the season when stereo pairs for the compilation of ArcticDEM Stripes were obtained as snow cover may camouflage the relief of the initial surface.



For instance, for the GEC-2 site, one may end up with an erroneous conclusion that a new mound had formed in summer 2016 (see Figure 9c, red line) when analyzing multi-temporal data from ArcticDEM Stripes. Remote sensing data (Figure 9) obtained during August 2016 field surveys indicated that there was no mound, while a lake that had formed in the GEC site in 2013 had continued to expand. A Sentinel-2 optical image obtained on the same date as the source images used for ArcticDEM Stripes (16 June 2016) provides a reliable indication of lake water surface with residual signs of snow cover on the western coast (Figure 9a). The lake appears as well on a higher spatial resolution SPOT6 image dated 15 July 2016 (Figure 9b). Thus, the “mound” in ArcticDEM does not match the reality. Though ArcticDEM can generally be used when searching for mound-predecessors, it should be taken into consideration that this DSM in some cases may comprise an artifact most likely caused by errors in the processing of a signal reflected from the water surface.



Multi-temporal ArcticDEM Stripes allows identifying areas with relief changes. If these changes are expressed in the form of appearing or disappearing mounds, then such sites require special attention and thorough analysis. One of the instruments for such an analysis is DSMs compiled from random stereo pairs. They can be used to refine the rate and magnitude of changes in elevation that are fixed in ArcticDEM.



We can state that surface settings, which are confidentially interpreted on satellite imagery, cannot be considered strong attributes characterizing an area of the probable mound and GEC formation. A joint analysis of remote sensing data and the study of the cryolithologic structure infield is required.





5. Conclusions


After the direct observation of gas-emission craters and determining their coordinates, we compiled detailed DSM based on very-high resolution satellite images. We performed a retrospective analysis of changes in the relief, which determined the size and shape of mound-predecessors now ruined by GEC formation. Established are the following similar features of the study objects: (1) all GECs formed in the place of mound-predecessors 2–6 m high and 20–55 m in the base diameter; (2) all mound-predecessors were located on gentle slopes 1 to 15° steep; (3) immediately after formation, GECs were characterized in shape by the lower cylindrical portion and the upper funnel-shaped portion; (4) initial diameter of the upper funnel-shaped portion ranged around 20–25 m; (5) both in the GEC walls and in frozen blocks ejected from the crater, tabular ground ice is observed. Differing features are (1) localization in different elements of relief and a variety of vegetation types; (2) some GECs have accumulative parapet expressed in relief, while others do not; (3) some GECs have impact landforms resulting from huge frozen blocks fallen on the ground surface, while others do not; (4) while GECs 1, 2, and 3 had formed within the clayer deposits, AntGEC and SeYkhGEC appeared within the areas with sandy deposits.



We successfully applied a method of DSM extraction out of random stereo pairs, obtained by different sensing systems as well as from multi-temporal acquisitions. Such random stereo pairs are of high value for retrospective analysis of the study landforms considering a limited number of normal stereo pairs. Using this technique, a series of DSM can be compiled with a frequency exceeding that of ArcticDEM, compiled in an automatic mode based on normal stereo pairs. Relatively small features under study require high-resolution images to compile DSM suitable for obtaining their morphometric parameters with sufficient accuracy.



The rate of mound growth is very high, several years (less than five years for SeYkhGEC mound-predecessor) to several decades (GEC-1 mound-predecessor). That is an additional reason why the high-temporal-resolution DSM time series can help identify the rate of growth and separate the mound-predecessors of GECs from other mounds.



We assume that constantly updated ArcticDEM Stripes’ coverage can be used as a valuable source for automatic detection of both mound-predecessors and gas emission craters because the metric properties of these DSMs are sufficient to indicate changes in the relief, comparable in size with the analyzed objects. Yet, the use of these data has several limitations associated with automatic data processing, which in some cases leads to artifacts. In this regard, mandatory verification of identified objects using optical range images is necessary.



Known gas emission craters are located in a wide range of terrain and environmental conditions—from the drained edge of the terrace, to the foot of the gentle slope, to the bottoms of thermoerosion gullies and river channels. Such variations tentatively indicate a small role of surface conditions including modern relief. Common to the studied gas emission craters is the internal geologic and cryolithologic structure with the presence of tabular ground ice in the crater walls. A combination of tabular ground ice close to the surface with continuous permafrost saturated with methane, and saline deposits below the ice bodies (cryopegs) are altogether a necessary condition for the gas emission craters formation, which is a specific feature of the North of West Siberia only. Probably, for this reason, such GECs are not found elsewhere in permafrost areas ashore.



Thus, a small number of discovered GECs, the importance of geological structure, not quite well detected using remote-sensing, and the little role of environmental settings best indicated by remote-sensing are limitations in the implementation of an algorithm for automatic detection of mounds-predecessors and prediction of new GEC formation.
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Figure 1. Gas emission craters location map. 
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Figure 2. Differences in the geomorphic setting of gas emission craters identified through DSM analysis. Key site DSM fragments: (a) GEC-1, (b) GEC-2, (c) GEC-3, (d) AntGEC. Red circles indicate GEC location. 
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Figure 3. SeYkhGEC location on ArcticDEM fragment (red circle). The river pattern was digitized using the SPOT7 image dated 27 July 2017. 
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Figure 4. Satellite images before (left frame) and after (right frame) gas emission craters formation. GEC-1: (a) WorldView-1 image dated 09 June 2013 (pan) (mound in the center); (b) WorldView-1 image dated 15 June 2014 (pan) (crater with parapet in the center). GEC-2: (c) WorldView-2 image dated 11 September 2011 (synthesis of Red+Green+Blue) (mound in the center); (d) WorldView-2 image dated 21 July 2013 (synthesis of Red+Green+Blue) (inner lake in the center). GEC-3: (e) WorldView-1 image dated 09 June 2011 (pan) (mound in the center); (f) WorldView-2 image dated 10 June 2013 (synthesis of Red+Green+Blue) (inner lake in the center). AntGEC: (g) WorldView-2 image dated 21 August 2013 (pan) (mound in the center); (h) WorldView-1 image dated 11 October 2014 (pan) (crater in the center). SeYkhGEC: (i) SPOT7 image dated 19 July 2016 (synthesis of NIR+Red+Green) (mound in the center); (j) SPOT7 image dated 27 July 2017 (synthesis of NIR+Red+Green) (riverbed expansion in the center). Red lines indicate a position and letter designation of elevation profiles shown in Figure 5. 
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Figure 5. Elevation profiles across mound-predecessors and gas emission craters. Profile locations are shown in Figure 4. Profiles were plotted across GEC-1 (AB, CD), GEC-2 (EF, GH), GEC-3 (IJ, KL), and AntGEC (MN, OP) using the created DSMs, listed in Table 1. Profiles across SeYkhGEC (QR, ST) were plotted using 2-m spatial resolution ArcticDEM Stripes created based on images dated 19 April 2016 and 27 June 2017. The red line reflects the morphology of mound-predecessors, and the cyan line shows the morphology of GEC on dates closest to GEC formation as shown in Table 1. The light-blue shaded area presents a lake formed inside the GEC. Lake depth is obtained in the field. SeYkhGEC in the riverbed of the Myudriyakha river is shown to exceed 50 m in depth according to [7]. 
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Figure 6. The difference between DSMs obtained “before” (2010–2011) and “after” (2013) GEC-2 formation): (a) WorldView-2 image dated 21 July 2013; (b) A fragment of DSM difference. Differences in elevation predominantly occur in a well-defined area, located southwest of the lake. See the GH profile in Figure 5. 
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Figure 7. Changes in the morphology of the Myudriyakha river channel associated with the mound-predecessor growth and formation of SeYkhGEC. The upper row shows fragments of SPOT5 satellite imagery (5 m GSD, pan) while the middle and lower rows show imagery from SPOT7 (1.5 m GSD, synthesis of NIR+Red+Green). 






Figure 7. Changes in the morphology of the Myudriyakha river channel associated with the mound-predecessor growth and formation of SeYkhGEC. The upper row shows fragments of SPOT5 satellite imagery (5 m GSD, pan) while the middle and lower rows show imagery from SPOT7 (1.5 m GSD, synthesis of NIR+Red+Green).



[image: Remotesensing 12 02182 g007]







[image: Remotesensing 12 02182 g008 550] 





Figure 8. A comparison of elevation profiles plotted using the author’s DSM for GEC-1 (1), with ArcticDEM (2). Both lines are not smoothened. Figure 2a shows the spatial position of the profile AB across the GEC-1 mound-predecessor. 
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Figure 9. Validating the reliability of a “mound” observed in the GEC-2 location using ArcticDEM Stripe of 2016: (a) Surface conditions on 16 June 2016, based on Sentinel-2 image; (b) Surface conditions on 15 July 2016, based on SPOT6 image; (c) Elevation profiles: the red line is the surface plotted using ArcticDEM Stripe extracted from a 16 June 2016 imagery; the yellow line is the mound-predecessor surface “before” GEC formation extracted from multi-temporal stereo pair of 2010–2011 (Table 1); the green line is the surface “after” GEC formation on 21 July 2013 (Table 1); water surface boundaries are shown as of SPOT6 image dated 15 July 2016. 
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Table 1. Gas emission craters formation timeframe.






Table 1. Gas emission craters formation timeframe.





	
Time Frame

	
Date

	
Sensor

	
Pan Ground Sample Distance (GSD), m






	
GEC-1 (Yamal Peninsula)




	
before

	
09 October 2013

	
Landsat 8

	
15




	
after

	
01 November 2013

	
Landsat 8

	
15




	
GEC-2 (Yamal Peninsula)




	
before

	
24 September 2012

	
SPOT5

	
5.5




	
after

	
15 October 2012

	
SPOT5

	
5.3




	
GEC-3 (Yamal Peninsula)




	
before

	
22 October 2012

	
SPOT5

	
2.5




	
after

	
10 June 2013

	
WorldView-2

	
0.5




	
SeYkhGEC GEC (Yamal Peninsula)

formed on 28 June 2017 defined by observation




	
AntGEC (Gydan Peninsula)

formed on 27 September 2013 defined by observation
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Table 2. Satellite imagery used for digital surface model (DSM) extraction.
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Sensor

	
Date

	
Mean Scan Azimuth Angle

	
Mean Scan Elevation Angle

	
Orbit Height (H), km

	
Pan Ground Sample Distance (GSD), m

	
Estimated Relative Height Accuracy of the DSMs, m

	
DSMs Difference Confidence Level, m






	
GEC-1 (Yamal Peninsula)




	
WorldView-1

	
9 June 2013

	
307.9

	
64.9

	
440

	
0.580

	
0.45

	
0.57




	
WorldView-1

	
9 June 2013

	
196.8

	
67.4

	
440

	
0.563




	
WorldView-1

	
15 June 2014

	
184.1

	
66.5

	
440

	
0.540

	
0.35




	
WorldView-1

	
15 June 2014

	
37.4

	
64.0

	
440

	
0.579




	
GEC-2 (Yamal Peninsula)




	
GeoEye-1

	
30 July 2010

	
50.3

	
72.0

	
770

	
0.450

	
0.39

	
0.52




	
WorldView-2

	
11 September 2011

	
258.9

	
71.1

	
770

	
0.506




	
WorldView-2

	
21 July 2013

	
230.3

	
62.8

	
770

	
0.551

	
0.35




	
WorldView-2

	
21 July 2013

	
2.9

	
68.9

	
770

	
0.514




	
GEC-3 (Yamal Peninsula)




	
WorldView-1

	
05 June 2011

	
60.8

	
72.6

	
440

	
0.540

	
1.01

	
1.07




	
WorldView-1

	
09 June 2011

	
114.9

	
84.6

	
440

	
0.509




	
WorldView-2

	
10 June 2013

	
357.9

	
58.9

	
770

	
0.578

	
0.36




	
WorldView-2

	
10 June 2013

	
253.6

	
61.8

	
770

	
0.557




	
AntGEC (Gydan Peninsula)




	
WorldView-2

	
21 August 2013

	
27.5

	
77.0

	
770

	
0.48

	
0.35

	
0.65




	
WorldView-2

	
21 August 2013

	
205.8

	
60.0

	
770

	
0.55




	
WorldView-1

	
11 October 2014

	
335.9

	
64.8

	
440

	
0.58

	
0.55




	
WorldView-1

	
11 October 2014

	
258.1

	
63.6

	
440

	
0.62
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Table 3. Comparison of geomorphic and environmental characteristics of studied landforms.
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Characteristics

	
GEC-1

	
GEC-2

	
GEC-3

	
SeYkhGEC

	
AntGEC






	
Before GEC Formation




	
Mound height, m

	
5–6

	
4–6

	
3

	
1.7

	
2




	
Mound diameter, m

	
45–48

	
40–55

	
36–46

	
55

	
20




	
Mound interpretation on images

	
Semi-spheric structure. Represented by a high-center polygon that rises above the surrounding polygonal surface




	
Local relief features

	
The gentle slope foot of a hill next to the drained lake depression

	
The upper portion of the erosion- thermokarst valley

	
Slope foot, close to the poorly expressed river floodplain

	
Point bar

	
The edge of the terrace bending into the slope of the thermoerosion hollow




	
Slope angle

	
1–7°

	
1–3°

	
3–7°

	
1–3°

	
7–15°




	
After GEC Formation




	
Dates of GEC formation

	
Fall 2013

	
Fall 2012

	
Fall 2012–spring 2013

	
Summer 2017

	
Fall 2013




	
GEC edge diameter, m

	
25–29

	
32–35

	
35–37

	
76–88 1

	
25–28




	
GECs’ inner structure

	
The lower cylindrical portion and the upper funnel-shaped portion

	
No data

	
The lower cylindrical portion and the upper funnel-shaped portion




	
Tabular ground ice

	
Exposed in GEC walls

	
Seen on photographs of ejected material

	
No data

	
Seen on photographs of ejected material

	
Exposed in GEC walls








1 River course expansion diameter.
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