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26 ABSTRACT

27 Liquefaction can cause deformation of unconsolidated sediment, but specific processes 

28 involved and the trigger mechanisms often remain obscured. This study describes multiple 

29 internally deformed sediment layers in a succession of lacustrine sand, silt and clay deposited 

30 during the Marine Isotope Stage 5d in north-western Lithuania. The deformation structures 

31 (load casts, pseudonodules, ball-and-pillow structures, broken-up laminae, and injections) are 

32 embedded in separate layers of fine-grained, laterally continuous sediments. Detailed meso- 

33 and micro-scale sedimentological analyses suggest that each deformation event consisted of 

34 numerous successive stages of sediment advection facilitated by liquefaction. Low-

35 permeability fine-grained laminae contributed to localized pore-water pressure build-up and 

36 lowering of sediment strength. Truncation surfaces on top of layers that limit layers with soft-

37 sediment deformation structures (SSDS) suggest that the deformation events were separated 

38 by repetitive periods of erosion and uninterrupted deposition in the lake. The most likely 

39 trigger of the deformation was recurrent palaeoseismic activity possibly linked to a late glacial 

40 isostatic adjustment following the Scandinavian Ice Sheet melting after the Saalian glaciation 

41 in the area. This study not only emphasizes the potential role of seismic processes in shaping 

42 the sedimentary record of the intraplate region of north-eastern Europe, but also contributes to 

43 constraining the depth of liquefaction, regardless of the actual trigger mechanism. 

44

45 Keywords: soft-sediment deformation structures, injection structures, load structures, 

46 palaeosurfaces, seismites, microstructural analysis, Quaternary

47

48 INTRODUCTION

49 Soft-sediment deformation structures (SSDS) may develop under various environmental 

50 conditions in unconsolidated, water-saturated deposits leading to disharmonic folding and 
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51 disruption of these sediments during or shortly after deposition (e.g. Allen, 1982a), often 

52 facilitated by liquefaction. Most prone to liquefaction are loosely packed silty and fine-

53 grained sandy deposits (cf. Obermeier, 1996; Vanneste et al., 1999). Deciphering the trigger 

54 mechanism and the driving force of this type of deformation in different sedimentary 

55 environments is still a timely issue in the field of Quaternary geology, sedimentology and 

56 tectonics, especially in formerly-glaciated intraplate stable continental core regions of the 

57 Northern Hemisphere (e.g. Van Vliet-Lanoë et al., 2004; Brandes & Winsemann, 2013; Van 

58 Loon et al., 2016; Brooks, 2018; Brandes et al., 2018;  et al., 2018a, 2019a; 

59 Bertran et al., 2019; Grube, 2019; Brooks & Adams, 2020; Van Loon et al,, 2020 and 

60 references therein). Recently, research focused on distinguishing between seismic and non-

61 seismic triggers based on SSDS and their position within the sedimentary record (e.g. 

62 Wheeler, 2002; Menzies & Taylor, 2003; Van Vliet-Lanoë et al., 2004; Horváth et al., 2005; 

63 Owen & Moretti, 2008, 2011; Alsop & Marco, 2011; Owen et al., 2011; Van Loon & Maulik, 

64 2011; Brandes & Winsemann, 2013; Moretti & Van Loon, 2014;  et al., 

65 2018a, 2019a; Bertran et al., 2019; Van Loon et al., 2020; Zhong et al., 2020). 

66 Microstructural and microsedimentological investigation of SSDS can help to recognize 

67 deformation induced by palaeoearthquakes by identifying (1) postdepositional microstructures 

68 attributable to seismic processes (Menzies & Taylor, 2003; Vanneste et al., 2008; Menzies & 

69 van der Meer, 2018; Giona Bucci et al., 2019), (2) “seismic event horizons” (Vanneste et al., 

70 2008; Giona Bucci et al., 2019), (3) specific surface microtextures of individual grains and 

71 crushed grains (Mahaney et al., 2004) or (4) palaeoliquefaction features that differ from 

72 modern liquefaction features (Giona Bucci et al., 2019). 

73 One of the characteristic features of sediments affected by seismicity-induced 

74 liquefaction is the vertical repetition of laterally continuous deformed layers interbedded with 

75 undeformed sediments, called “sandwich-like distribution” (Hilbert-Wolf et al., 2009 and 
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76 references therein; Owen & Moretti, 2011; Van Loon et al., 2016; Morsilli et al., 2020). This 

77 vertical repetition, among other criteria, has been used to identify seismites both in 

78 tectonically active interplate areas (e.g. Sims, 1975; Gibert et al., 2011; Alsop & Marco, 

79 2011; Alsop et al., 2019; Morsilli et al., 2020) and in intraplate regions of low-seismicity (e.g. 

80 Van Loon et al., 2016;  et al., 2018a, 2019a;  &  

81 2019). The majority of liquefaction features occur at depths between 1 and 10 m below the 

82 past ground surface (palaeosurface), often at depths between 2 and 4 m (Obermeier, 1996, 

83 2009; Obermeier et al., 2002; Towhata et al., 2014), and are commonly restricted to the 

84 uppermost few decimetres making them readily accessible for observation. Nevertheless, 

85 unequivocal sedimentological proxies of the episodic, time-transgressive nature of soft-

86 sediment deformation and the position of liquefied sediments within the succession during the 

87 recurring deformation events are still largely lacking.

88 The paper describes a 4.5-m thick sediment succession containing ten layers with 

89 exceptionally well-developed SSDS of various types in the Late Pleistocene lacustrine 

90 deposits exposed at the Dyburiai study site in NW Lithuania. The occurrence of multiple 

91 deformed layers, with variable types of SSDS and differentiated types of bases and tops, over 

92 a short distance at the Dyburiai outcrop, is an excellent comparative feature for the 

93 reconstruction of a number of liquefaction events, what thus can help in estimation of the 

94 possible recurrence of deforming events in all palaeoenvironments. The main objective of the 

95 study is to constrain the environmental conditions that facilitated the formation of SSDS with 

96 focus on the actual trigger mechanism. We aim to explain the possible impact of the 

97 properties of host sediments on the style and relative intensity of deformation, and identify the 

98 depth of sediments affected by liquefaction, which is novel in the studies of such sediments.

99

100 GEOLOGICAL SETTING
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101 The study area is located in the south-western part of the East European Craton composed of 

102 more than 2-km-thick Phanerozoic sediment cover overlying the Precambrian crystalline 

103 basement. The area is considered as a seismically inactive, stable continental core region. 

104 However, two M=5 and M=5.2 earthquakes that occurred in 2004, with epicentre in the 

105 Kaliningrad District of Russia (Gregersen et al., 2007), and some lower-magnitude seismic 

106 activities have been recorded or interpreted from instrumental and historical records  

107 & Šliaupa, 2011;  et al., 2012; Nikulins, 2017; Nikulins & Assinovskaya, 2018). 

108 The seismic activity is related to deeply-rooted pre-Quaternary faults in bedrock, off which 

109 the most prominent is the W-E striking Telšiai fault zone. 

110 The study area is located in the Western Samogitia Plain, NW Lithuania (Fig. 1A and 

111 B). This area was overridden several times by the Scandinavian Ice Sheet during the Elsterian, 

112 Saalian and Late Weichselian glaciations  &  2011) that left behind a 

113 complex succession of several till units separated by glaciofluvial sand and lacustrine sand, 

114 silt and clay. The surface geology in the study area consists mainly of water-laid deposits of 

115 the Late Weichselian (Upper Nemunas) age that form a hummocky terrain created during the 

116 final stages of the last deglaciation  2000).

117 The Dyburiai outcrop (Fig. 1B) is situated in the middle course of the Minija River, a 

118 tributary of the Nemunas River. The lateral extent of the outcrop is limited by Holocene slope 

119 deposits, vegetation and a thick talus that cover the adjacent slopes of the steeply-incised, 33-

120 m-deep river valley (Fig. 2).

121

122 METHODS

123 The sediments at the Dyburiai site were logged in three vertical profiles at key points across 

124 the exposed section in order to investigate lateral variations in the sedimentary architecture 

125 and constrain changes in the style and intensity of the deformation. Textural and structural 
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126 characteristics of the sediments were described using a lithofacies approach of Miall (1977) 

127 modified by  &  (2012).

128 Sixteen samples were collected for grain size analysis; two from each of the eight 

129 sampled layers with SSDS, one from the injected sediments, and one from adjacent loaded 

130 sediments. The grain size distribution was determined by laser diffractometry processed with 

131 GRADISTAT 8.0 software. The basic statistic parameters were determined using the 

132 logarithmic method of Folk & Ward (1957).

133 Mesoscale structural features (orientation of the fault planes and the fault offsets) were 

134 measured in the field. The results are projected on contoured lower hemisphere stereonets 

135 with the mean fault plane orientations and principle stress directions calculated with Stereonet 

136 10 software. 

137 Four samples were collected for optically stimulated luminescence (OSL) dating using 

138 25-cm long, opaque plastic tubes protecting the sample from exposure to sunlight. The 

139 samples were collected from undeformed, ripple cross-laminated (lowermost part of unit 3; 

140 two samples) and horizontally-laminated (uppermost part of unit 3; two samples) sand (Fig. 

141 3). The dating was performed at the GADAM Gliwice Luminescence Laboratory using the 

142 standard multi-grain aliquots method applied to coarse-grained (90–125  quartz. 

143 Equivalent doses of samples were determined using the single-aliquot regenerative-dose 

144 (SAR) protocol and the age estimates were obtained using the Central Age Model. 

145 Four undisturbed oriented samples were collected from the sediment layers containing 

146 SSDS. Two of the samples were taken from the upper part of layer SSDS-1 (sample Di1A at 

147 the bottom and Di1B at the top), one sample from SSDS-3 (sample Di3; comprising the whole 

148 vertical extent of the layer), and one sample from SSDS-10 (sample Di10; see Fig. 3). Thin 

149 sections (6x9 cm) were analysed to provide detailed insights in the deformation and injection 

150 structures to facilitate reconstruction of the processes accompanying the deformation. 
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151 Microstructural and microsedimentological analysis was conducted using high-resolution 

152 images from Nikon Eclipse LV100 polarization microscope (plane-polarized light) with 

153 motorized XY stage and camera, as well as high resolution scans from Epson V37 device. 

154 Till fabric analysis (100 measurements in each point) and petrographic analysis of 

155 gravel fraction (5–10 mm; 300 pebbles in each sample) in these tills were carried out during 

156 the geological mapping by the Lithuanian Geological Survey and the results have been 

157 reported earlier by Jusien  (2012) and Pisarska-Jamro  et al. (2018b).

158

159 SEDIMENTARY SUCCESSION

160 The Dyburiai section is 32 m high and 35 m wide. The exposed sedimentary succession is 

161 divided into four key units (Fig. 3A).

162

163 Description

164 Unit 1

165 The lowermost unit (unit 1; Fig. 3A) is a 15-m thick succession comprising three diamictons 

166 (lithofacies Dm) characterized by relatively similar petrographic compositions (21–36% 

167 crystalline rocks, 5–6% sandstones and quartzites, 6–14% dolomites, 7–32% marls, and 32–

168 45% limestones; Fig. 3A) and a dominant NE-SW orientation of clasts macrofabrics. The 

169 diamictons are separated by beds of massive, fine-grained sand and massive silt (lithofacies 

170 Sm and Tm, Fig. 3)  2012;  et al., 2018b). These data do not allow 

171 more detailed stratigraphic subdivision and all these deposits are preliminarily considered as a 

172 single lithostratigraphic unit (complex) formed during one glacial cycle.

173

174 Unit 2
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175 Unit 2 (Fig. 3A) crops out between 54.5-59.5 m a.s.l. and comprises a coarse-grained 

176 succession of massive gravel (Gm), sandy gravel (GSm) and coarse-grained sand (Sm). The 

177 massive gravel and sandy gravel consist of well-rounded pebbles and coarse-grained sand. 

178 The massive sandy lithofacies is composed of coarse- to medium-grained sand.

179

180 Unit 3

181 Unit 3 (Fig. 3A) occurs between 59.5 and 64 m a.s.l. and is composed of deformed fine-

182 grained sandy and silty sediments (lithofacies Sd, SFd, FSd, Fd), but also undeformed ripple-

183 cross laminated, horizontally laminated sand (lithofacies Sr, Sh), wavy-laminated fines 

184 (lithofacies Fw), massive sand, and massive fines (lithofacies Sm, Fm, Mm). Erosional 

185 features and clay clasts are widespread in the upper parts of the beds containing SSDS. The 

186 thicknesses of individual lithofacies range from few up to 55 centimetres. The OSL dates 

187 indicate that the lower part of unit 3 was deposited between 111.9±7.8 ka (GdTL-2864) and 

188 105.0±7.1 ka (GdTL-2865) and the upper part between 101.9±7.4 ka (GdTL-2866) and 

189 98.7±7.6 ka (GdTL-2867) (Fig. 3A and supplementary figures 1 and 2). A detailed description 

190 of this unit is provided in section “Deformations in unit 3”.

191

192 Unit 4

193 The uppermost part of the succession (Fig. 3A) consists of an 8-m thick diamicton (lithofacies 

194 Dm) containing large (0.1 to 1.1 m long) lenticular clasts of sand and silt which are partially 

195 deformed by shear planes, thrust faults, small-scale folds and flexures. The clast macrofabrics 

196 measured in three places along the vertical profile of this unit show preferred NW-SE and 

197 NNW-SSE clast orientations, consistent with ice advancing from NW-NNW. The clasts 

198 within the diamicton are composed of 29–42% crystalline rocks, 6–18% sandstones and 
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199 quartzites, 39–43% limestones, up to 14% dolomites, and few or no marls  

200 et al., 2018b). 

201

202 Interpretation

203 Unit 1

204 Based on the petrographic composition and clast microfabrics, the three lower diamictons of 

205 unit 1areinterpreted as tills. Together with the interbedded sand and silt, the tills were 

206 deposited during the Saalian glaciation (Marine Isotope Stage MIS 6) according to  & 

207  (2011). 

208

209 Unit 2

210 The coarser-grained sediments of unit 2 were deposited by highly energetic glaciofluvial 

211 rivers during the retreat of the Saalian ice sheet (MIS 6). All lithofacies indicates non-

212 channelized quite shallow, flashy currents of sheet flood type (cf. McKee et al., 1967; Miall, 

213 1977;  2008;  &  2014) in the upper flow regime 

214 (Harms et al., 1982), with plane-bed accretion. Gravels and sandy gravels can be attributed to 

215 flood-flow pulses terminating in waning-flow sandy deposits. Such flows could exist in the 

216 upper part of a terminoglacial fan  & Van Loon, 1999).

217

218 Unit 3

219 This unit derives from deposition of fine-grained silty and sandy sediments in a low-energy 

220 lacustrine environment. The massive and horizontally laminated silt and fine sand were 

221 deposited from suspension fallout, while the ripple cross-laminated sand records a periodic 

222 input of slightly coarser grained sediment by small-volume inflows (cf.  

223 2013 and references therein). The presence of erosional surfaces with small-scale troughs and 
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224 clay laminae disrupted by currents, immediately underlying the ripple-cross laminated sand 

225 documents increasing current activity within the lake prior to, or during the deposition of this 

226 sand. The semi-rhythmic nature of the sediments indicates phases of deposition in slow 

227 flowing water (silty sediments) and deposition from currents (sandy ripple marks). Such 

228 changes likely occurred in a lake periodically fed by inflows. OSL ages in all four samples in 

229 unit 3 become younger upward in the succession. The time span of the lacustrine deposition 

230 was likely between 111.9±7.8 ka and 98.7±7.6 ka, an age range consistent with the regional 

231 stratigraphy. This period corresponds with the colder part of MIS 5 (cf. Gibbard & Lewin, 

232 2016) but at that time Lithuania has not been glaciated  &  2011). 

233

234 Unit 4

235 The upper, thick diamicton characterised by petrographic composition different from the 

236 diamictons in unit 1  &  2011), is interpreted as a subglacial traction till or 

237 glacitectonite containing deformed clasts of pre-existing sediments. This till was most 

238 probably deposited during the Late Weichselian (Upper Nemunas) advance of the 

239 Scandinavian Ice Sheet  et al., 2018b).

240

241 DEFORMATIONS IN UNIT 3

242 Layers with SSDS

243 Ten layers with an exceptionally rich SSDS assemblage occur in the 5-m-thick lacustrine part 

244 of the study site (unit 3; Figs 3 and 4). Most of the identified SSDS (injections, load 

245 structures; see Figs 4 and 5; Table 1) are found within distinct layers coded SSDS-1 to SSDS-

246 10 separated by and often interbedded with undeformed sediments, which together yield a 

247 pancake appearance (Fig. 4). All SSDS layers apart from SSDS-2 are laterally continuous 
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248 along the whole section, they typically have constant thicknesses and sharp, mostly erosional 

249 tops and gradational bases (Figs 2B, 3B and 4; Table 1). 

250

251 Characteristics of layers with SSDS

252 SSDS-1

253 SSDS-1 is the lowermost deformation layer in unit 3. It is typically 45 to 50 cm thick, but 

254 gradually thins towards the north where it is only 25 to 30 cm thick (Table 1; Figs 2B and 

255 6D). The bottom contact with ripple-cross laminated sand is gradational, while the top is 

256 sharp and erosive (Fig. 6D and E). The uppermost part contains clay fragments derived from a 

257 thin clay laminae (Fig. 6D). The sizes and shapes of the internally highly deformed load 

258 structures in layer SSDS-1 are extremely variable (Table 1; Figs 6D and F to H). Locally, in 

259 the central part of the section, ripple-cross laminated sands underlying the clay laminae form 

260 load structures (type C) with well-preserved internal lamination (Figs 5 and 6E) reflecting a 

261 spatially variable intensity of deformation of this originally thinly bedded to laminated sand 

262 and silt. The load casts generally decrease in sizes towards NE in parallel with the overall 

263 thickness decrease of this layer.

264

265 SSDS-2

266 Layer SSDS-2 only occurs in the NE part of the section and thins towards SW (Fig. 2B). 

267 Where present, this layer occurs approximately 20-35 cm above layer SSDS-1 and is 

268 separated from it by undeformed ripple cross-laminated sand and silt. Layer SSDS-2 is up to 

269 25 cm thick with gradational base and erosional top. The intensity of deformation in SSDS-2 

270 is less than in SSDS-1, with only the uppermost 15 cm affected. Prior to deformation, layer 

271 SSDS-2 comprised a thinly laminated succession of ripple-cross laminated fine sand and silty 

272 sand, locally separated by thin (3 mm) clay laminae (Fig. 7D).



12

273

274 SSDS-3 and SSDS-4

275 The closely spaced layers SSDS-3 and -4 are between 5 and 7 cm thick. They are separated by 

276 an up to 1-cm thick layer of massive silty clay (Fig. 6F). The bases of layers SSDS-3 and 

277 SSDS-4, as well as the top of layer SSDS-3, are gradational, but the contact of layer SSDS-4 

278 with the overlying ripple cross-laminated sand is erosional (Table 1). In both layers similar 

279 style of deformation occurs (Table 1). The thicknesses of these layers and the sizes of 

280 individual deformation structures are smaller than in other SSDS layers. Towards the NE part 

281 of the section, the deformation structures are less frequent and in the outermost 4 m of the 

282 outcrop they merge into a single layer. The underlying silty/clayey laminae splits and plunges 

283 down into fine sand and silty sand delimiting the top of layer SSDS-2.

284

285 SSDS-5 and SSDS-6

286 Layers SSDS-5 and SSDS-6 are directly superposed (Figs 4A to B and 6B). In both layers, 

287 regularly distributed load casts and injection structures are widespread (Table 1). The base of 

288 layer SSDS-5 is erosional and its top is gradational, while the base of layer SSDS-6 is 

289 gradational and its top – erosional (Table 1). In the SW part of the section, two injections 

290 rooted in the earlier deformed SSDS-5 cut the overlying SSDS-6 and end in ripple cross-

291 laminated sand (Fig. 7A and B). This suggests multiple stages of deformation in a single 

292 progressive event that happened without any long-lasting breaks. 

293

294 SSDS-7

295 Layer SSDS-7 is the most coarse-grained unit within the whole lacustrine sediment 

296 succession (Fig. 7). Its thickness varies from 10 cm to 35 cm (Table 1, Figs 2 and 4A). Its top 

297 occasionally contains erosional features (Table 1). The load casts and flame structures of 
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298 variable sizes and shapes found here are distributed chaotically both in the horizontal and 

299 vertical direction in the layer. Distinct load casts occur in the lower part of the layer while the 

300 upper part is more homogenous (Fig. 6G). Several generations of deformation structures 

301 visible in the internal lamination within the load casts suggest a complex, multi-phase style of 

302 deformation (upper part of Fig. 7A and B). Although the grain size difference between the 

303 deformed load casts and the undeformed host sediment is small, preferential loading of sand 

304 into silty sand is observed (see Fig. 8).

305

306 SSDS-8

307 The thickness of layer SSDS-8 is between 10 cm to 25 cm (Table 1). Its top contact is sharp 

308 and eroded by sandy ripples. Vertical injection structures deformed and pulled upward the 

309 fragmented fine-grained laminae as indicated by the long axes of folds in these laminae 

310 oriented parallel to the injection structures (Fig. 9C).

311

312 SSDS-9

313 The thickness of layer SSDS-9 is constant along the entire outcrop. The bottom of the layer 

314 SSDS-9 is gradational, while its top is erosional. The original sediment in this layer was most 

315 probably laminated silt and sand. Flat-bottomed small-scale ball-and-pillow structures occur 

316 in the layer. 

317

318 SSDS-10

319 The distinct feature of layer SSDS-10 is randomly distributed small-scale (up to 1 cm) 

320 pseudonodules that are most frequent in the upper part (Figs 9B and 10B). The top is 

321 erosional (Fig. 3B). Locally in the uppermost part of SSDS-10 load casts of various sizes and 
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322 shapes (from complex to drop-like) occur (Fig. 6B). They were probably formed in small 

323 erosional hollows in the top part of the silty layer.

324

325 Interpretation of SSDS layers

326 The sandwich-like (pancake-like) arrangement of layers SSDS-1 to SSDS-10 with mostly 

327 erosional features at their tops suggests that a single deformational event impacted each 

328 individual layer. As suggested by Anketell et al. (1969, 1970) some of the planar upper 

329 surfaces of layers with SSDS (Fig. 6A, B, D) called ‘unconformable surfaces’, might have 

330 been formed by redistribution of liquefied and/or fluidised sediment following the main 

331 deformation event in the absence of current erosion. However, tops of the layers at Dyburiai 

332 study site are not planar, but scours infilled by ripple cross-laminated sediment and/or clayey 

333 clasts occur frequently at the top of the deformed layers. The individual deformation events 

334 must have been separated by periods of erosion/accumulation in the lake. The erosional 

335 features are consistent with the frequent sharp and discordant top contacts of the SSDS layers 

336 (see Table 1), and show that the individual deformation processes occurred repetitively at 

337 contemporary surfaces (palaeosurfaces).

338  

339 Mesoscale soft-sediment deformation structures 

340 Injection structures 

341 Description

342 The injection structures consist of sandy silt and silt. They have various sizes (from 0.2 to 40-

343 cm high) and shapes (pipes to dykes) and commonly occur within all the deformed layers of 

344 unit 3 (Fig. 7). Most of the injection structures are confined within individual deformed layers 

345 (Fig. 7C and E), but some penetrate into the overlying sediments. For example, injections in 

346 layer SSDS-5 can be traced into and cutting through layer SSDS-6 as well as the overlying 
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347 undeformed cross-laminated silty sand and fine sand, finally terminating in layer SSDS-7 

348 (Fig. 7A and B). Some of the small-scale injections are filled with highly contorted finely 

349 laminated sandy silt.

350 There is a small grain size difference between the injected (sandy silt) and the host 

351 (silty sand) sediment, with the median diameter difference between 1.62 and 0.27 phi (Fig. 8A 

352 and B). In all cases, the injected sediment is somewhat finer-grained and less well sorted than 

353 the host sediment (Fig. 8B and C). The positive skewness (Sk) and cumulative grain-size 

354 distribution of both injected and host sediments show a high content of fines. Generally, the 

355 host sediments have a more positive skewness than the injected sediments. 

356

357 Interpretation

358 The poorer sorting of the injected sediments can be explained by partial mixing with the 

359 surrounding sediments (Fig. 7C) or by the heterogeneity of the source sediment. In some 

360 layers with SSDS, the upper limit of the injections corresponds with the occurrence of 

361 cohesive clay laminae of low hydraulic conductivity (Fig. 7D). One factor apparently 

362 influencing the injection process is the thickness ratio between the mobilised and the host 

363 sediment within a single deformed layer. 

364 The injection deformed the adjacent sediments leading to bending upward of laminae 

365 or layer boundaries as the result of passage of escaping water-sediment mix (Fig. 7B and E). 

366 The deformation geometry shows that fluid passage was mostly directly upward through the 

367 sediment succession. Additionally, mobilization of the sediment generated ball-and-pillow 

368 structures and caused fragmentation of more cohesive clay-rich laminae and the formation of 

369 load casts (Figs 6 and 7). The small-scale injections have penetrated into the overlying sand 

370 resulting in the upward deflection of the lamination within the sand beds to form an open to 

371 moderately tight upright anticlines (Fig. 7B). The injection feature shown in Fig. 7A likely fed 
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372 a sand volcano on the former lake bed, later truncated by erosion. Alternatively, the vertical 

373 injection may have been connected with a subhorizontal sill indicating that the overlying 

374 sediment formed a cap trapping the escaping fluid-sediment mix. Both processes must have 

375 occurred relatively close to the contemporary bottom of the lake (at the surface or in the 

376 uppermost decimetres). The source of the injected sediment was in layer SSDS-5. The 

377 overlying sand of layer SSDS-6 possesses well developed load structures comprising dish-

378 shaped synforms separated by tight, flame-like anticlines (Fig. 7B). These load structures are, 

379 in turn, cross cut by a sediment injection indicating that the whole sequence records several 

380 phases of deformation. The aforementioned features suggest elevated pore-water pressure and 

381 loss of sediment strength. Most indicative of pore-water pressure increase is the presence of 

382 two large-scale injection structures that start in layer SSDS-5 and cut through the overlying 

383 sediments (Fig. 7A and B). The upward bending of adjacent sediments as well as the 

384 occasionally observed internal fine-lamination inside the injection, clearly record an upward 

385 escape of the fluid driven by rapid pore-water pressure increase. The relative downward 

386 movement of SSDS-6 sediment documents a loading process that compensate the injection, 

387 while also in a liquefied state. Other examples are layers SSDS-1 and SSDS-10, where high 

388 pore-water pressure within thick silty deposits interbedded with a thin sandy layer caused the 

389 formation of large (in SSDS-1) and small (in SSDS-10) ball-and-pillow structures. In both 

390 cases, the grain size difference between the load structures and the surrounding injected 

391 sediments is noticeable.

392

393 Load casts and associated structures 

394 Description

395 The style, complexity and deformation intensity of the load structures within the disrupted 

396 layers vary laterally across the exposed section (Figs 4, 5 and 6). In coarser-grained layers 
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397 SSDS-2 and SSDS-7 only load casts of similar sizes but various shapes and complex internal 

398 structures are observed, while within layers enriched in silt (SSDS-3 to -6 and SSDS-8 to -10) 

399 different types of load structures coexist. In the least deformed parts of the layers, open to 

400 moderate, upright to steeply inclined flat-bottomed synforms constituting load casts are often 

401 separated by narrow flame-like antiforms (Fig. 6A and G). In the more deformed parts of the 

402 layers, the necks of the structures become increasingly narrow forming more complex 

403 teardrop- to kidney-shaped structures (Fig. 8A). The deformed primary sedimentary structures 

404 (e.g. cross-lamination) are often preserved within the cores of the load casts. In the most 

405 deformed areas the originally laminated sediments are highly disrupted with the detached load 

406 casts forming isolated lighter coloured sand-balls or pillows contained within a contorted or 

407 homogenised matrix of darker brown sandy-silt matrix (Fig. 6D and H). In a plane view, the 

408 load structures together with the injections create a dense 3D network (Fig. 6H).

409 Three main groups of load casts are distinguished based on their shapes and internal 

410 structures: simple load casts, where internal lamination follows the regular outer shape of the 

411 load cast (type A) (Fig. 6A and B); complex load casts, where the internal lamination is 

412 contorted and there is no regular arrangement (type B) (Fig. 6D and G to H); and load casts 

413 with preserved, undeformed primary lamination (type C) (Fig. 6E). Among the detached load 

414 casts are pseudonodules, i.e. sand-balls of different shapes and sizes. Their sizes vary from 

415 few centimetres to decimetres. Small pseudonodules (with diameters not exceeding 2 cm) are 

416 present in the upper parts of layers SSDS-1 and SSDS-10, in layers SSDS-3, SSDS-4 and 

417 SSDS-8, while larger pseudonodules are irregularly distributed along the whole vertical and 

418 horizontal extent of layer SSDS-1 (Fig. 6D and F).

419

420 Interpretation
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421 The formation of load structures is driven by Rayleigh-Taylor instability of two layers with 

422 different specific gravities (Allen, 1982a and references therein). According to Potter and 

423 Pettijohn (1977), the only requirement for the formation of such structures is accumulation of 

424 a bed of sand on a water-saturated deformable deposit. The A and B types of load casts 

425 developed due to sinking of sand (or sand interbedded with silt) into liquefied and/or fluidised 

426 sediments. The differences in the internal structures of type A and B load casts could result 

427 from the heterogeneity of the laminated deposits that sank (Fig. 6F and G). In contrast, type C 

428 load casts in the upper part of SSDS-1, with the non-deformed primary lamination must have 

429 developed in a single, rapid act of injection of the underlying sandy silt (cf.  

430 et al., 2018b, 2019a) leaving no visible evidence of loading  et al., 2019b). 

431 Thus, the sediment that the load casts consist of remains in situ, while only the surrounding 

432 sediment creeps upward (“pseudoloading” of  et al., 2019b; Van Loon et al., 

433 2020). As the deformation proceeded, the originally laminated sediment became increasingly 

434 disrupted, with the synform-shaped load cast becoming progressively isolated and forming 

435 tear-drop to more complex rootless folds which gave rise to individual pseudonodules and 

436 sand-ball or pillow sets within a highly contorted to homogenised matrix. This silty sand 

437 matrix shows evidence of increasing liquefaction and mobilisation with the upward-oriented 

438 creep of fluidised sediment leading not only to the formation of injection features, but also to 

439 rotation and contortion of the pseudonodules and sand-balls or pillows. 

440 The internal complexity of single load structures and their cross-cutting relationships 

441 with the injection structures within a single deformed layer indicate different phases of the 

442 lacustrine sediment loading without big time gaps in between (Figs 6D, H and 7A). The 

443 loading process might have generated single load casts, followed by drop-shaped load casts, 

444 flat-bottomed load casts and finally pseudonodules (Fig. 5). 
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445 Comparing the thicknesses and grain-size composition (Fig. 8) of all SSDS layers 

446 indicates that the sizes of load casts were controlled by the primary texture, thickness and 

447 structure of the deposits engaged in the deformation as well as possible lateral variations in 

448 pore-water pressure (e.g. SSDS-1 and -3 with similar grain size distribution but different 

449 ranges of individual SSDS sizes).

450

451 Broken-up sediment laminae 

452 Description

453 Sets of detached silty sand laminae occur within host sandy silt sediment in layers SSDS-1 

454 and SSDS-10 (Fig. 9). The thicknesses of the fragmented laminae do not exceed 5 mm, while 

455 the lengths range from 2 cm to 10 cm. The fragments of tabular dish-shaped broken-up 

456 laminae are either only slightly displaced, or chaotically distributed in the surrounding 

457 sediment. Some of them have roll-up shapes. 

458

459 Interpretation

460 The fragmented laminae resulted from injection of liquefied sediment that caused lateral 

461 extension and tearing. The curved or rolled shapes of the laminae may reflect the softness of 

462 the surrounding sandy silt during deformation, and the extent of lateral advection.

463

464 Faults and joints from a younger phase of deformation

465 Description

466 Set of several dozens of faults and joints occur in the upper part of unit 3 (Figs 2B and 10). 

467 The high-angle, normal faults and joints cut and displace layers SSDS-8, -9 and -10 as well as 

468 the intervening sediments that show no evidence of deformation. Locally, also layer SSDS-7 

469 is affected (Fig. 10A to C). The throws of normal faults vary between 0.5 cm and 8 cm. Some 
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470 of the fractures show no displacement. Two main sets of faults and joints occur, with planes 

471 striking WSW-ENE and WNW-ESE, and dipping to NNE and SSE, respectively. The dip 

472 angles vary between 32° and 88° with the vast majority clustered between 50° and 85° (Fig. 

473 10A’). The dihedral angle between the mean orientations of planes of each of the two main 

474 sets is 37° and the inferred direction of the principal stress  is steeply inclined to 

475 subvertical (258°/75°). 

476 In the central part of the outcrop, within the SSDS-8 sediments, seven angular 

477 trapezoid-shaped clasts consisting of plastically deformed sand and sandy silt are observed 

478 (Fig. 10C, D). The biggest, lowermost clast is at least 15x12 cm large (Fig. 10C) whereas the 

479 remaining six clasts are up to 4x4 cm or 5x2 cm. The shapes of these clasts are related to the 

480 faults and joints that cut the whole unit 3 (Fig. 10A). All of these clasts are surrounded by 

481 mixed massive or deformed silty and sandy matrix that does not belong to any of the 

482 lithofacies described above. The clasts, together with the surrounding sediment fill a steep, 

483 20-cm-deep channel eroded in the lacustrine deposits (Fig. 10C and D).

484

485 Interpretation

486 The faults are classified as steeply inclined sets of conjugate hybrid faults. The failure 

487 surfaces were initiated at the transition from tensile to shear failure (cf. Hancock, 1985; 

488 Ramsey & Chester, 2004). Therefore, the jointing and faulting must have been initiated under 

489 sediment extension, likely due to ice-sheet loading during the Late Weichselian advance, 

490 when joints propagated parallel to the  direction, followed by an increasing impact of 

491 shearing. 

492 The angular clasts most probably result from sediment slumping into the channel 

493 accompanied by disintegration. The preservation of primary structures in the clasts as well as 

494 their shapes suggests that this occurred in a frozen state. This event postdates the ductile 
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495 deformation within all SSDS layers and may have been associated with the small-scale 

496 faulting and jointing mentioned above.

497
498 Microstructure analysis of SSDS

499 Four undisturbed oriented samples from layers SSDS-1, -3 and -10 were analysed in 

500 microscale to examine the complexity of SSDS and to constrain the factors controlling the 

501 style of deformation and the relationships between the individual structures. The samples 

502 were collected along a vertical profile though the exposed sediment with focus on small-scale 

503 and complex SSDS. Two samples came from SSDS-1 (Di1A, bottom and Di1B, top), one 

504 from SSDS-3 (Di3 spanning the whole vertical extent of the layer), and one from SSDS-10 

505 (Di10).

506

507 Sample Di1A

508 The highly deformed and disrupted sediment in thin section Di1A is dissected by a single, 

509 steeply inclined, SW-dipping injection that cuts though the central part of the sample (Fig. 

510 11A). The injection feature is crudely funnel-shaped widening upwards where it connects 

511 with an irregular area of massive sandy silt extending into the core of a folded and detached 

512 load cast (Fig. 11A). The injected sediment is internally laminated whereby a thin, outer layer 

513 of clay and/or silty clay coats the walls of the injection and its central part consists of pale-

514 brown sandy silt. A weakly developed/preserved lamination within the sandy silt oriented 

515 parallel to its walls occurs locally. At its upper right end this lamination is folded within the 

516 core of the adjacent load cast (Fig. 11A), possibly indicating that the folding continued after 

517 the injection had ceased. A number of steeply inclined, small-scale (displacement c. 4 mm) 

518 faults occur in the highly deformed sediment immediately adjacent to the injection feature. 

519 These faults run parallel to the margins of the injection (Figs 11A and 13D), suggesting that 

520 brittle faulting may have occurred during the injection of fluidised sediment. 
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521 The laminated silt, sandy silt and silty sand in the lower part of the thin section are 

522 highly deformed with the primary sedimentary lamination locally disturbed by recumbent 

523 folds and subhorizontal shears (Fig. 11A). The lamination is clearly cross-cut and locally 

524 deflected upwards by the injection feature indicating that this feature post-dates deformation 

525 in this part of the thin section. In contrast, in the upper part of the thin section the sediment is 

526 disrupted by an upright to steeply inclined fold (Fig. 11A), which is part of a detached load 

527 cast. 

528

529 Sample Di1B 

530 This thin section (Fig. 11B) is dominated by a single, up to 4-cm wide, pipe-shaped injection 

531 of sandy silt surrounded by deformed and mixed sand and silt in the central part of the 

532 sample. The width of the injection decreases towards NE. The injection is weakly laminated, 

533 but to the SE the lamination is disturbed by a number of recumbent to gently inclined, very 

534 tight to isoclinal folds that possibly developed in response to the injection-induced folding. 

535 Above the injection structure, massive to very weakly bedded sand with sandy/silty 

536 intercalations that constitute a simple load cast contains rounded to irregular clayey intraclasts 

537 (Fig. 11B). These intraclasts are surrounded by coatings of sand grains (Fig. 13B) and may 

538 represent relicts of clay layers eroded during the deposition of sand. In the SW part of the 

539 sample, there are small-scale complex load casts with strongly deformed internal lamination 

540 cut and displaced by small injections. The mixed sediments in both upper and lower part of 

541 the section are locally cut by low-angle faults with displacements reaching 0.2 cm. 

542 The evolution of the deformed samples Di1A and Di1B revealed by cross-cutting 

543 relationships suggests that several stages of deformation occurred in layer SSDS-1. Although 

544 distinct deformation successions are recorded in the cross-cutting relationships, the stages of 

545 deformation do not represent separate, individual events. Rather, the complex deformation 
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546 observed in these samples is consistent with the deformation phases recording the folding and 

547 faulting of the sediments in layer SSDS-1 during a single, progressive deformation event. In 

548 both samples sandy silt injections cross-cut strongly folded and faulted sediments. This 

549 suggests that the mobilised sandy silt was injected into the already deformed and disrupted 

550 sediments and that liquefaction and advection of the injected sediment occurred in response to 

551 pore-water pressure increase caused by deformation. Small faults associated with the injection 

552 structures occur up to the margins of the injections, cutting through homogenised sand (Di1A; 

553 Fig. 11A). Thus, the injection was accompanied by faulting possibly resulting from volume 

554 changes caused by the movement of the fluidised sediment coupled with hydrofracturing 

555 generated by pore-water pressure increase. Extensional movements on these faults would 

556 have facilitated injection of the fluidised sediment by creating the required accommodation 

557 space. Subsequently, volume changes caused by injection of the fluidised sediment is thought 

558 to have caused folding and disruption of the overlying sediments resulting in the formation of 

559 load casts. The internal structure of the load casts clearly indicate that their formation is a 

560 complex process involving several stages leading to refolding of older folds near the bases of 

561 these detached, rootless synclines (Fig. 11A). The disharmonic, complex nature of these 

562 refolded structures is consistent with the elevated pore-water pressure at the time of 

563 deformation. High water pressure is also suggested by the diffuse nature of the lamination 

564 within the sand in the load cast at the top of sample Di1B (Fig. 11B). Pressurisation of pore 

565 water trapped in the intergranular spaces during folding could potentially lead to localised 

566 liquefaction of the sand and partial disruption of the lamination. Consequently, the complexity 

567 of the microstructural relationships and the wide range of deformation microstructures 

568 observed in samples Di1A and Di1B (Fig. 11) shows that even a single mesoscale event of 

569 soft-sediment deformation may comprise multiple sub-phases of ductile and brittle 
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570 deformation accompanied by localised liquefaction, remobilisation and injection of the 

571 fluidised sediment. 

572

573 Sample Di3

574 The central part of sample Di3 is dominated by two open synclines deforming weakly 

575 laminated sand and silty sand, and creating partially detached load casts separated by a 1-cm 

576 wide and up to 2-cm high cone-shaped injection structure (Fig. 12A). This sandy part of the 

577 sediment succession is covered by a massive to slightly mottled sandy silt whereby the 

578 contact zone between these deposits is highly complex, diffuse and irregular (Fig. 12A). The 

579 mottled sandy silt is apparently fed by the injection. This relationship, coupled with the 

580 complexity of the contact zone is consistent with the mottled sandy silt having been liquefied, 

581 mobilised and injected into its present position. 

582 The sand in the central upper part of the thin section is underlain by thinly bedded to 

583 laminated sand, silt and clay that are dissected by numerous thin, pillar-shape vertical to 

584 subvertical small-scale injections (up to 2 mm wide) (Figs 12A and 13E). In the lowermost 

585 part of the thin section, a complex network of thin irregular sand-filled veinlets propagates 

586 both upwards and downwards from a much thicker sand layer (Fig. 12A). Injection of these 

587 sand-filled veinlets has resulted in the fragmentation of the underlying and overlying clay 

588 laminae into a series of tabular blocks (Fig. 13A, C). Although typically angular, some of 

589 these clay blocks show incipient rounding at the margins (Fig. 13A and C), possibly as a 

590 result of abrasion caused by the flow of fluidised sand. The sand-filled veinlets injected 

591 upward from the sand layer and dissecting the overlying clay laminae clearly terminate at the 

592 base of the overlying undeformed ripple-cross laminated sand (Fig. 13E). In the uppermost 

593 part of the thin section, several similar small-scale sand-filled veinlets connected to a 5-mm-

594 thick silty sand layer are injected upward into a clay layer, which they dissect (Fig. 12A). 
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595 Three levels of deformation features occur within sample Di-3. All of these levels are 

596 sandwiched between layers or laminae of low-permeability clay that acted as barriers for 

597 vertical flow of pore water. Although liquefied, the primary lamination remained partly 

598 undeformed in the top and bottom levels of deformation. The occurrence of downward-

599 oriented sand-filled veinlets in the lowermost part of the sample suggests that pore-water 

600 pressure rapidly increased within this level. This shows that soft-sediment deformation may 

601 not affect the entire sediment unit to the same extent and its intensity is controlled by the 

602 rheological properties of the sediment most likely resulting from the variations in grain sizes. 

603 We interpret all SSDS in sample Di3 as having formed during a single progressive 

604 deformation event not interrupted by any significant breaks and sediment stabilization.

605

606 Sample Di10

607 Sample Di10 was taken from the uppermost deformed layer and for the ease of description the 

608 thin section is divided into three parts (Fig. 12B). The bedding surfaces separating these three 

609 parts dip at an apparent angle of 20° towards SW (Fig. 12B), which is a unique feature among 

610 all analysed SSDS where bedding within the bounding undisturbed sediments is typically 

611 horizontal. The lower part of the thin section comprises a layer of sandy silt in which the 

612 primary sedimentary lamination is deformed/contorted and locally overprinted by 

613 liquefaction. In contrast, in the middle part of the thin section, primary planar bedding is 

614 undisturbed within a 2 to 3 cm thick layer of sandy silt and silty sand (Fig. 12B). The zone 

615 between the lower and the middle parts hosts several small pillar-shaped injections oriented 

616 upward that locally disturb the primary bedding of the middle part. The boundary between the 

617 middle and upper parts of the thin section is marked by a thin (up to 2 mm) clay lamina which 

618 is locally fragmented with tabular to slab-shaped pieces detached and incorporated into the 

619 overlying massive silty sand (Fig. 12B).
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620 The upper part of the thin section comprises a 5-cm thick layer of massive sandy silt 

621 showing in places a weak, diffuse lamination and isolated rounded, elongate to irregular small 

622 (diameters 0.1-1 cm) pseudonodules (sand-balls) composed of massive to very weakly 

623 laminated sand (Fig. 12B). Some of the pseudonodules are enclosed by thin clay coatings. The 

624 locally preserved lamination within the pseudonodules is deformed suggesting that they are 

625 relicts of detached rootless folds. Elongate, thin to wispy tails composed of fine sand indicate 

626 that the pseudonodules rotated to some degree during deformation. This rotational movement 

627 may have accompanied the partial fluidisation and homogenisation of the host silty sand. 

628

629 DISCUSSION

630 Liquefaction results from a sudden loss of shear strength of water-saturated porous granular 

631 sediment due to the loss of intergranular contacts when grain weight is temporarily transferred 

632 to the pore fluid (Allen, 1982a; Owen & Moretti, 2011). The characteristics of the ten 

633 sediment layers at Dyburiai section containing SSDS indicate that these layers experienced 

634 internal deformation related to sediment liquefaction, advection, and injection (cf. Owen & 

635 Moretti, 2011). These characteristics are: (1) the broad range of SSDS occurring exclusively 

636 within a narrow zone of the most liquefaction-prone sediments such as silty sand and sandy 

637 silt (Fig. 8) with the rather small grain-size differences between the loaded and injected 

638 sediments (Fig. 8) (Obermeier, 1996, 2009); (2) the abundance of injection structures and 

639 hydrofractures in micro- and mesoscale (Counts & Obermeier, 2012); (3) the distribution of 

640 SSDS along continuous sediment layers, often limited above and below by deposits of low 

641 hydraulic conductivity; and (4) the microstructures lacking any preferred orientation or 

642 distribution and showing overprinting of different processes over a short period of time, 

643 which suggests a “wet deformation process” (Menzies & Taylor, 2003). 

644
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645 Possible triggers of liquefaction-induced soft sediment deformation

646 Liquefaction can be triggered by various processes (Allen, 2003; Owen & Moretti, 2011) and 

647 in the following we consider several relevant possibilities.

648

649 Rapid aggradation of sediments

650 This trigger of deformation is linked to recurrent overloading by rapidly accumulating 

651 sediment, in particular as an effect of a non-uniform confining loading by ripple-cross 

652 laminated sand  & Kotlarczyk, 1962; Allen, 1982b). This process could have 

653 formed the load casts and injections, especially in the uppermost part of SSDS-1. However, 

654 the changing style of deformation, numerous injection structures, vertical repetition of layers 

655 with SSDS and lack of sedimentary structures indicative of rapid deposition (e.g. climbing 

656 ripples) make this mechanism unlikely as the main cause of deformation at Dyburiai section.

657

658 Periglacial processes, active layer deformation or cryoturbations

659 The study area was exposed to periglacial conditions during the Late Pleistocene  et 

660 al., 2007). Our OSL ages indicate that the lacustrine succession was deposited during the 

661 Lower Nemunas periglacial period of MIS 5d  &  2011; Gibbard & Lewin, 

662 2016) when permafrost occurred in Lithuania  et al., 2007). 

663 SSDS similar to those described here can develop under either periglacial conditions 

664 or in response to deep seasonal freezing of the ground leading to cryoturbation in the absence 

665 of permafrost (Van Loon, 2009; Vandenberghe, 2013) such as observed e.g. in Poland 

666 (Krzyszkowski, 1990; Kasse et al., 1998). Several findings would be consistent with a 

667 periglacial origin of the deformations at Dyburiai, although this would require recurrent lake 

668 drainage or its complete freezing to the bottom. 
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669 Firstly, the periglacial activity or seasonal ground freezing can lead to laterally highly 

670 variable styles and intensities of deformation, such as at Dyburiai (Fig. 2B). The series of 

671 repetitive, generally regular, symmetrical, intensely folded structures observed within SSDS 

672 layers 3, 4, 5 and 6 (Figs 4 and 6) resemble type 3 structures in the classification of 

673 Vandenberghe (2013), and the soft-sediment deformation features in layers SSDS-7, -9 and -

674 10 (Fig. 8A and B) and SSDS-8 (Fig. 4B) resemble type 4 and type 6 structures, respectively. 

675 Secondly, according to Vandenberghe (2013) formation of cryoturbations requires a reversed 

676 density gradient within the deforming medium, with folding and involution accompanied by 

677 liquefaction of the lower  process may have occurred in the study area. Such 

678 conditions may occur beneath the permafrost layer due to poor water drainage, which at 

679 Dyburiai may have been caused by abundant clay interlayers. In any case, cryoturbation 

680 requires temporary and cyclic lake drainage, or freezing of the entire water column in the 

681 lake. However, there is no evidence of either of these scenarios in the study area. Thirdly, the 

682 sediment succession at Dyburiai contains multiple layers with SSDS, potentially indicative of 

683 repeated phases of deformation under periglacial conditions. Deformations in layers SSDS-7, 

684 8 and 9 (Fig. 4A and B) are similar to the structures generated during the scaled centrifuge 

685 modelling experiments of thawing ice-rich silty and clayey soils overlain by sand conducted 

686 by Harris et al. (2000). Deformation within these layers could have occurred as a result of 

687 loading, cryohydrostatic injection and cryostatic heave (French, 2007; Vandenberghe, 2013). 

688 Cryohydrostatic injection may develop along narrow fissures and also as wider intrusions, but 

689 because of the deformation the original cracks and fissures are generally lost (Kasse, 1993; 

690 Vandenberghe, 2013), contrary to what we document at Dyburiai. Finally, all of SSDS layers 

691 were deformed at or close to the contemporary ground surface prior to or soon after burial, 

692 i.e., where the periglacial processes were most likely to occur.
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693 Nevertheless, at the Dyburiai site the structures typical for periglacial conditions (cf. 

694 Van Vliet-Lanoë et al., 2004; Van Loon et al., 2020) are lacking. There are no thermal 

695 contraction cracks, wedge-shape structures (patterned ground, ice-wedge pseudomorphs) or 

696 lenticular/microlenticular cryostructures, which result from ice segregation in the sediment 

697 (e.g. French & Shur, 2010). Also, some features that are very unlikely to develop in 

698 periglacial conditions are commonly observed at Dyburiai: SSDS are confined to continuous, 

699 laterally extensive sediment layers and the shapes of most of the load structures are non-

700 isometric and asymmetric (e.g. SSDS-1, Fig. 6D). To our knowledge, vertical succession of 

701 multiple layers with SSDS separated by erosion and accumulation events has never been 

702 ascribed to cryoturbations.

703

704 Glaciotectonic deformation

705 Soft-sediment deformation may result from proglacial and/or subglacial processes caused by 

706 ice-sheet masses moving over unconsolidated sediment (e.g. Hart & Boulton, 1991; Andersen 

707 et al., 2005; Aber & Ber 2007; Van Loon, 2009 and references therein; Pedersen, 2014; 

708 Phillips et al., 2018;  et al., 2018b). However, at Dyburiai site there is no till 

709 directly overlying the layers with deformations, there are no typical glaciotectonic features 

710 such as low-angle thrust faults, recumbent folds or shear zones, and there is no consistent 

711 orientation of the deformation structures that would otherwise indicate sediment displacement 

712 due to unidirectional glacier stress. The layers with SSDS are only deformed internally, while 

713 their tops and bottoms are undisturbed. Also, the sediments immediately below and above the 

714 layers with deformations are undisturbed. Finally, the time-frame of deposition and 

715 deformation combined with the regional stratigraphy is inconsistent with multiple ice 

716 advances and retreats needed to generate the pattern of deformation in question. We also note 
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717 the absence of dumpstones and dropstones, which would otherwise suggest a possible 

718 liquefaction induced by large iceberg calving events (cf. Phillips et al., 2018). 

719

720 Mass flows

721 Gravity mass transport may be ruled out due to the lack of slump folds or shear zones and 

722 absence of any mass flows deposits. The sediment architecture consisting of internally 

723 deformed layers bounded by undeformed deposits is very distinct whereas mass transport 

724 deposits would be chaotically mixed or massive. There are no consistent dip directions or 

725 slope angles. Moreover, according to Allen (1982b) the occurrence of regularly- distributed 

726 pseudonodules and ball-and-pillow structures widespread across the whole section is 

727 inconsistent with sediment affected by mass flow processes.

728

729 Seismic activity

730 Cyclic stresses induced by the passage of seismic waves lead to increase in pore-water 

731 pressure (Owen & Moretti, 2011). Soft sediments can then experience seismicity-induced 

732 liquefaction as a secondary, off-fault earthquake effect generating seismites, i.e. layers with 

733 SSDS of seismic origin (Wheeler, 2002; Obermeier, 2009; Reicherter et al., 2009 and 

734 references therein; Sims, 2012). The threshold magnitude of an earthquake for sediment 

735 liquefaction is estimated as 4.5 (Ambraseys, 1988; Marco & Agnon, 1995). However, it is 

736 believed that water-saturated sediments can experience liquefaction at much lower local 

737 magnitudes and may remain instable during the subsequent aftershocks of smaller intensity 

738 (Phillips et al., 2018 and references therein).

739 Several lines of evidence support the seismicity-induced origin of the SSDS at 

740 Dyburiai. Firstly, the repeated deformed layers correspond to “superposed deformation beds” 

741 of Gibert et al. (2011) considered a key characteristic of palaeoseismites (cf. Hilbert-Wolf et 



31

742 al., 2009 and references therein; Owen & Moretti, 2011). Owen & Moretti (2011) state that 

743 deformation beds mobilized by seismically induced liquefaction appear repeatedly through a 

744 vertical succession of soft sediment. This criterion has been widely used to identify events of 

745 seismite formation in various tectonic settings in both consolidated and unconsolidated rocks 

746 (e.g. Sims, 1975; Hibsch et al., 1997; Hilbert-Wolf et al., 2009, 2016; Gibert et al., 2011; 

747 Alsop & Marco, 2011; Alsop et al., 2019; Mazumder et al., 2016; Van Loon et al., 2016; 

748  et al., 2018a; Morsilli et al., 2020). Consistent with the seismic origin is 

749 that the individual deformed layers at Dyburiai are laterally extensive and have well-defined 

750 tops and bottoms (e.g. SSDS-3, -4, -5, -6, -7 and -8; c.f. Van Loon et al., 2016; Pisarska-

751  et al., 2019a), which may be interpreted as an indication of tranquillity phases 

752 between the seismic events (see below). In our interpretation, the injection features associated 

753 with the SSDS suggest that liquefaction occurred in response to a sudden and strong increase 

754 in pore-water pressure, similar to small-scale features associated with palaeoseismic activity 

755 elsewhere (Counts & Obermeier, 2012).

756 Other characteristics that are consistent with the seismic origin are (1) a reversed 

757 gravity gradient of deformed and host sediments (injection of SSDS-5 sediments into SSDS-7 

758 and internal deformation of SSDS-7; Figs. 5, 8A, B; cf. Moretti et al., 1999) and (2) wide 

759 structural variety of SSDS (e.g. load structures, injections, broken-up laminae) (cf. Sims, 

760 2012), all corresponding to the characteristics imposed by known (c.f. Lunina et al., 2012; 

761 Giona Bucci et al., 2019) or presumed earthquakes (cf. Hibsch et al., 1997; Menzies & 

762 Taylor, 2003; Mugnier et al., 2011).

763 Being located in the south-western part of the East European Craton, the study area 

764 was previously considered as a seismically inactive, stable continental core region. However, 

765 two M=5 and M=5.2 earthquakes occurred in 2004, with epicentre on the Sambia Peninsula 

766 (Kaliningrad District of Russia) and shallow hypocentre at a depth of 16–20 km (Gregersen et 
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767 al., 2007; Fig. 14). The earthquake was triggered by right-lateral strike slip on a WNW-ESE 

768 oriented near-vertical fault parallel to the Tornqiust-Teisseyre zone, and it caused moderate 

769 damage at relatively large distances, e.g. in NE Poland and W Lithuania (Gregersen et al., 

770 2007; Fig. 14). Some lower-magnitude seismic activities have been recorded since 2004 and 

771 past earthquakes are now interpreted from instrumental and historical records  & 

772 Šliaupa, 2011;  et al., 2012; Nikulins, 2017; Nikulins & Assinovskaya, 2018; Fig. 

773 14). The recently recorded earthquakes include the 1988 event with an estimated magnitude 

774 of 2–3 and epicentre in Latvia in close proximity to Dyburiai  et al., 2012; 

775 Nikulins & Assinovskaya, 2018), and the 2015 event with epicentre close to the Curonian 

776 Lagoon (SE Baltic Sea) with magnitude 2.6 and hypocentre at the depth of just 1.0 km 

777 (Nikulins & Assinovskaya, 2018). Both of these earthquakes are connected to pre-Quaternary 

778 faults in bedrock. The W-E striking Telšiai fault zone is the most prominent tectonic structure 

779 in the proximity of the study area  & Šliaupa, 2011;  et al., 2012; Fig. 14). 

780 This fault zone, plunging to the north with high angle (60-80°), was established during late 

781 Silurian – early Devonian NW-SE directed compression related to the collision of Laurentia 

782 and Baltica (Šliaupa, 2002). Afterwards it was reactivated several times in transpressional 

783 regime (Šliaupa, 2002). The likely mechanism of the possible neotectonic reactivation of 

784 these faults is glacioisostatic adjustment (GIA, cf. Johnston, 1987; Muir-Wood, 2000; Stewart 

785 et al., 2000; Grollimund & Zoback, 2001; Steffen et al., 2014; Brandes et al., 2015, 2018) due 

786 to stress fluctuations caused by waxing and waning ice sheets. Modelling of Coulomb Failure 

787 Stress change  during the last 120,000 years supports a glacially-induced fault 

788 reactivation in the study area and suggests positive values of  in the time span between 

789 120-70 ka, 50-45 ka, and 38-28 ka as well as from ca. 15.5 ka BP up to the present (Steffen et 

790 al., 2019). Our SSDS formed shortly after 119.7–91.1 ka, at the time when GIA was possible 

791 (Steffen et al., 2019) and maybe induced by relaxation following the retreat of the Saalian ice 
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792 sheet. However, numerical simulations have limitations imposed by tectonic and glaciological 

793 assumptions so that the positive  periods vary between the models (Steffen et al., 2019 

794 and references therein). Other sites with Pleistocene or Holocene sediments interpreted as 

795 GIA-induced seismites have recently been documented in other north-eastern areas of the 

796 Peribalticum (Van Loon et al., 2016; Druzhinina et al., 2017;  et al., 2019a; 

797  et al., 2019). 

798 Still, it should be noted that some of the criteria used to identify seismites (Hilbert-

799 Wolf et al., 2009 and references therein; Owen & Moretti, 2011) are not met. Firstly, the 

800 vertical extent of the deformed layers is unknown due to the outcrop limitations and no 

801 documentation of other SSDS exists in the vicinity of the Dyburiai site, which restricts spatial 

802 inferences. Secondly, there are no accurate data of the fault acting as a possible source of 

803 seismic wave, so that the “zonation of complexity with distance from a fault” criterion is not 

804 applicable. In sum, our interpretation–although consistent with the original data presented 

805 above–should be scrutinized by independent future studies.

806

807 Palaeosurfaces with erosional features constrain the number of seismicity-induced 

808 liquefaction events

809 For years, there has been a discussion as to whether the number of seismites corresponds to 

810 the number of earthquakes (=seismic events) or multiple layers can be deformed during a 

811 single seismic event (e.g. Rossetti & Góes, 2000; Van Loon, 2009; Van Loon et al., 2016). 

812 Sediments undergo seismicity-induced liquefaction mainly close to the ground surface 

813 (Obermeier, 1996, 2009; Obermeier et al., 2002 and references therein; Van Loon et al., 

814 2020) and the depth of liquefaction is limited by an increasing overburden load and thus shear 

815 strength of sediment (Obermeier et al., 2002). Our results, with particular reference to the 

816 erosional tops of the layers with SSDS, are useful to decipher the number of seismic events 
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817 that caused repetitive sediment liquefaction. In the uppermost parts of at least seven layers 

818 with SSDS numerous erosional features (scours infilled by ripple cross-laminated sediment 

819 and/or relicts of clay layers (Figs. 3B, 4, 6, 7, 11B)) occur. Moreover, the presence of 

820 truncated injections or/and sand volcanoes on the former lake bed was suggested (Fig. 7A, B). 

821 Considering the relatively slow rate of deposition (i.e. rhythmical deposition from low-energy 

822 lacustrine environment dominated by deposition from slowly flowing water and deposition 

823 from currents, and lack of sediments typical for rapid aggradation) and the presence of at least 

824 seven erosional surfaces, we conclude that the sediment must have repetitively undergone 

825 liquefaction followed by deformation at (or very close to) the contemporary lake bed. Thus, at 

826 least seven separate seismic events might have affected the sedimentary succession at 

827 Dyburiai study site. This suggestion corresponds with the observations of Van Loon et al. 

828 (2016), but oposes to Gibert et al. (2011) who interpreted multiple deformed layers as an 

829 outcome of a single shaking event.

830 In most cases, a single layer of silty sediment was initially mobilized and then its 

831 injection caused deformation of sand. The subsequent liquefaction events could have affected 

832 also the deeper parts of the sedimentary succession (up to 1 m of depth), as recorded in layers 

833 SSDS-5 to SSDS-7 where the injected sediment cut through the overlying sediment an likely 

834 formed a sand volcano at the top of SSDS-7 (Fig. 7A, B). At the same time, the already 

835 deformed layers SSDS-1 to SSDS-4 were not affected by the liquefaction again. This suggests 

836 that in such multi-layered successions of sand interbedded with silt, a single liquefaction 

837 event is limited to the uppermost few decimetres. 

838

839 CONCLUSIONS 

840 The following conclusions can be drawn regarding the sediment record at the Dyburiai site:
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841 1. The lacustrine part of the succession deposited during MIS 5d consists of ten individual 

842 layers hosting internal, liquefaction-induced SSDS interbedded with undeformed 

843 sediments.

844 2. The erosional features observed at the tops of multiple layers with SSDS (scours infilled 

845 with ripple-cross laminated sediment, clayey clasts as relicts of clay layers, truncated tops 

846 of injection structures and sandy volcanoes) show that the repetitive deformation phases 

847 were separated by periods of erosion, formation of new activation surfaces, and sediment 

848 deposition. Thus, the deformation events must have happened repetitively, at the 

849 contemporary lake beds (palaeosurfaces).

850 3. The most probable trigger of SSDS formation is seismic activity caused by fault 

851 reactivation possibly due to glacioisostatic adjustment following the retreat of the 

852 Scandinavian Ice Sheet after the Saalian glaciation. Accordingly, at least seven recurrent 

853 earthquakes separated by periods of tectonic tranquillity, erosion and deposition are 

854 suggested. 

855 4. Mesoscale brittle deformation (faulting, jointing) occurred at a later, at present 

856 unconstrained stage.

857 5. Clay laminae facilitated local pore-water pressure buildup and limited the water migration.

858 6. Single liquefaction processes affecting any layer with SSDS consisted of multiple 

859 deformation stages resulting in the formation of complex, typically ductile deformation 

860 microstructures.

861 This study emphasizes the possible impact of seismic activity on soft-sediment 

862 mobilization in areas affected by ice sheet loading during the Quaternary glaciations, 

863 including the intraplate regions currently classified as aseismic and/or areas of low-seismicity. 

864 The key criterion for our interpretation is the recognition of erosional top surfaces that limit 

865 the individual layers with SSDS. These erosional surfaces, indicating that deformation 
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866 occurred at or very close to the contemporary lake bed (palaeosurface) can be broadly used to 

867 identify soft- sediment affected by liquefaction-related deformation, regardless of the actual 

868 trigger mechanism.
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1173 [Figure captions],

1174 Fig. 1. Study area. A: Location of the Dyburiai site in north-western Lithuania. B: Geological 

1175 map of the study area (modified after  2012).

1176

1177 Fig. 2. General view of the outcrop at the Dyburiai site. A: Location of the outcrop at the 

1178 steep bank of the Minija River valley. B: View of lacustrine sediment layers with SSDS 

1179 interbedded with undeformed sediments. Major faults and joints are marked by white lines. 

1180

1181 Fig. 3. Sediment succession at the Dyburiai site. A: Sedimentary units (1-4), lithofacies (code 

1182 explained in the legend), OSL ages, and petrographic composition of gravel fraction in tills 

1183 (after Jusien  2012 and Pisarska-Jamro  et al., 2018b). B: Sediment layers with SSDS and 

1184 erosional features in the SW part of outcrop (note lack of layer SSDS-2) with locations of 

1185 samples used for thin section production (Di1A-Di10). 

1186

1187 Fig. 4. Sediments in the SW part of the section (see Fig. 2A). A: A sandwich-like/pancake 

1188 arrangement of deformed (SSDS-3–10) and undeformed layers. Note the lateral continuity of 

1189 most of the layers with SSDS. B: Close-up view of layers SSDS-8, -9 and -10 interbedded 

1190 with layers of ripple cross-laminated fine sand and silt. C: Close-up view of layers SSDS-3 

1191 and -4 interbedded with thin undeformed sediments (lower part of photo). Sediment injection 

1192 into layer SSDS-6 and into the overlying low-angle cross-stratified sand (upper part of photo).

1193

1194 Fig. 5. Soft-sediment deformation structures in the lacustrine sediment succession and their 

1195 distribution in layers SSDS-1 to -10 (not to scale).

1196
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1197 Fig. 6. Load structures. A: Loaded fine sand accompanied by injected sandy silt. B: Sandy 

1198 drop-shaped load casts within layer SSDS-10. C: Detached and rotated ball-and-pillow 

1199 structure within sandy silt (NE part of layer SSDS-1). D: Layer SSDS-1 with load casts and 

1200 pseudonodules (resulting from different stages of loading), and fragments of broken-up-

1201 laminae (SW part of the section). Note the different sizes, shapes and internal secondary 

1202 deformations of load structures, and the erosional top boundary of the layer with clayey clasts 

1203 (upper part of the photo). E: Load cast of type C with eroded upper part separated from the 

1204 overlying ripple cross-laminated sand. The internal primary lamination within the load cast is 

1205 preserved (layer SSDS-1). F: Small-scale load casts and pseudonodules within layers SSDS-3

1206

1207 Fig. 7. Injection structures (direction of injection is marked by white arrows; loading direction 

1208 by black arrows). A: Liquefied sediments from layer SSDS-5 cutting the overlying layer 

1209 SSDS-6, the primarily horizontally-laminated sands, the layer SSDS-7 and the injecting 

1210 sediments at the contemporary lake bottom surface (palaeosurface). B: View showing the 

1211 relation between the liquefied injected sediment (internally deformed silt and sandy silt) and 

1212 the hosting fine sand. C: Small-scale injections of sandy silt into silty sand host sediment 

1213 (layer SSDS-5 in the NE part of the section). Faults displacing previously deformed sediments 

1214 are marked with white lines. D: Injection of liquefied sand with ripple-cross lamination 

1215 accompanied by load structures (layer SSDS-2, NE part of the section). Note that the low-

1216 permeability clayey laminae determine the upper boundary of the liquefaction front. E: Small-

1217 scale injection structures within layer SSDS-9.

1218

1219 Fig. 8. Grain size analysis of sediment layers with SSDS. A: Cumulative grain-size 

1220 distribution curves of injected sediments (dashed lines) and loaded sediments (solid lines). B: 

1221 Median diameters of injected and loaded sediments. C: Distribution of sorting parameters in 



51

1222 injected sediments (dashed lines) and loaded sediments (solid lines). Note that the injected 

1223 sediments are somewhat finer-grained and less well sorted than the loaded sediments.

1224

1225 Fig. 9. Fragments of broken-up laminae. A: Sandy, detached fragments of laminae suggesting 

1226 rapid injection of silty sand (layer SSDS-1). B: Fragments of sandy laminae in layer SSDS-

1227 10. C: Broken-up laminae in layer SSDS-8. Note the curved, almost vertical laminae on the 

1228 left side of the panel as well as horizontally oriented laminae on the right.

1229

1230 Fig. 10. Brittle deformations cutting the layers with older SSDS. Faults are marked with white 

1231 lines. A: Dense network of two sets of nearly vertical conjugate hybrid faults. Note the 

1232 displacement of previously deformed SSDS layers. A’: Contour diagram of poles of 30 fault 

1233 planes with mean planes orientation for each of fault sets and the orientation of principal 

1234 stresses 1 = 258°/75° is nearly vertical; lower hemisphere projection). B: 3D intersection 

1235 with faults cutting layers SSDS-8, -9 and -10. C-D: Disintegrated and displaced angular 

1236 (trapezoid shape) clasts of layer SSDS-8, with well-preserved internally deformed structure, 

1237 in a massive sandy and silty matrix.

1238

1239 Fig. 11. Thin section views (left) and interpretations (right). A: Sample Di1A (layer SSDS-1). 

1240 B: Sample Di1B (uppermost part of layer SSDS-1). See Fig. 3B for location of the thin 

1241 section. Also marked are locations of photomicrographs shown in Fig. 13. 

1242

1243 Fig. 12. Thin section views (left) and interpretations (right). A: Sample Di3 (layer SSDS-30). 

1244 B: Sample Di10 (layer SSDS-10). See Fig. 3B for location of the thin section. Also marked 

1245 are locations of photomicrographs show in Fig. 13.

1246



 

Fig. 1. Study area. A: Location of the Dyburiai site in north-western Lithuania. B: Geological map of the 
study area (modified after  2012). 



 

Fig. 2. General view of the outcrop at the Dyburiai site. A: Location of the outcrop at the steep bank of the 
Minija River valley. B: View of lacustrine sediment layers with SSDS interbedded with undeformed 

sediments. Major faults and joints are marked by white lines. 



 

Fig. 3. Sediment succession at the Dyburiai site. A: Sedimentary units (1-4), lithofacies (code explained in 
the legend), and OSL ages, and petrographic composition of gravel fraction in tills (after  2012 and 

 et al., 2018b). B: Sediment layers with SSDS and erosional features in the SW part of 
outcrop (note lack of layer SSDS-2) with locations of samples used for thin section production (Di1A-Di10). 



 

Fig. 4. Sediments in the SW part of the section (see Fig. 2A). A: A sandwich-like/pancake arrangement of 
deformed (SSDS-3–10) and undeformed layers. Note the lateral continuity of most of the layers with SSDS. 
B: Close-up view of layers SSDS-8, -9 and -10 interbedded with layers of ripple cross-laminated fine sand 

and silt. C: Close up view of layers SSDS-3 and -4 interbedded with thin undeformed sediments (lower part 
of photo). Sediment injection into layer SSDS-6 and into the overlying low-angle cross-stratified sand (upper 

part of photo). 



 

Fig. 5. Soft-sediment deformation structures in the lacustrine sediment succession and their distribution in 
layers SSDS-1 to -10 (not to scale). 



 

Fig. 6. Load structures. A: Loaded fine sand accompanied by injected sandy silt. B: Sandy drop-shaped load 
casts within layer SSDS-10. C: Detached and rotated ball-and-pillow structure within sandy silt (NE part of 

layer SSDS-1). D: Layer SSDS-1 with load casts and pseudonodules (resulting from different stages of 
loading), and fragments of broken up-laminae (SW part of the section). Note the different sizes, shapes and 
internal secondary deformations of load structures, and the erosional top boundary of the layer with clayey 
clasts (upper part of the photo). E: Load cast of type C with eroded upper part separated from the overlying 
ripple cross-laminated sand. The internal primary lamination within the load cast is preserved (layer SSDS-

1). F: Small-scale load casts and pseudonodules within layers SSDS-3 



 

Fig. 7. Injection structures (direction of injection is marked by white arrows; loading direction by black 
arrows). A: Liquefied sediments from layer SSDS-5 cutting the overlying layer SSDS-6, the primarily 
horizontally-laminated sands, the layer SSDS-7 and the injecting sediments at the contemporary lake 
bottom surface (palaeosurface). B: View showing the relation between the liquefied injected sediment 

(internally deformed silt and sandy silt) and the hosting fine sand. C: Small-scale injections of sandy silt into 
silty sand host sediment (layer SSDS-5 in the NE part of the section). Faults displacing previously deformed 

sediments are marked with white lines. D: Injection of liquefied sand with ripple-cross lamination 
accompanied by load structures (layer SSDS-2, NE part of the section). Note that the low-permeability 

clayey laminae determine the upper boundary of the liquefaction front. E: Small-scale injection structures 
within layer SSDS-9. 



 

Fig. 8. Grain size analysis of sediment layers with SSDS. A: Cumulative grain-size distribution curves of 
injected sediments (dashed lines) and loaded sediments (solid lines). B: Median diameters of injected and 
loaded sediments. C: Distribution of sorting parameters in injected sediments (dashed lines) and loaded 
sediments (solid lines). Note that the injected sediments are somewhat finer-grained and less well sorted 

than the loaded sediments. 



 

Fig. 9. Fragments of broken-up laminae. A: Sandy, detached fragments of laminae suggesting rapid 
injection of silty sand (layer SSDS-1). B: Fragments of sandy laminae in layer SSDS-10. C: Broken-up 

laminae in layer SSDS-8. Note the curved, almost vertical laminae on the left side of the panel as well as 
horizontally oriented laminae on the right. 



 

Fig. 10. Brittle deformations cutting the layers with older SSDS. Faults are marked with white lines. A: 
Dense network of two sets of nearly vertical conjugate hybrid faults. Note the displacement of previously 
deformed SSDS layers. A’: Contour diagram of poles of 30 fault planes with mean planes orientation for 

each of fault sets and the orientation of principal stresses  = 258°/75° is nearly vertical; lower 
hemisphere projection). B: 3D intersection with faults cutting layers SSDS-8, -9 and -10. C-D: Disintegrated 

and displaced angular (trapezoid shape) clasts of layer SSDS-8, with well-preserved internally deformed 
structure, in a massive sandy and silty matrix. 



 

Fig. 11. Thin section views (left) and interpretations (right). A: Sample Di1A (layer SSDS-1). B: Sample 
Di1B (uppermost part of layer SSDS-1). See Fig. 3B for location of the thin section. Also marked are 

locations of photomicrographs shown in Fig. 13. 



 

Fig. 12. Thin section views (left) and interpretations (right). A: Sample Di3 (layer SSDS-30). B: Sample 
Di10 (layer SSDS-10). See Fig. 3B for location of the thin section. Also marked are locations of 

photomicrographs show in Fig. 13. 



 

Fig. 13. Photomicrographs of samples Di1A, Di1B and Di3. A: Angular clay fragments resulting from 
downward injection of sand-filled veinlets (lowermost part of sample Di3, plane polarized light (PPL)). B: 

Clay clast with sand-grain coating (sample Di1B, PPL). C: Sand-filled veinlets injected into clay (lowermost 
part of sample Di3, PPL). D: Injection dyke with fines along its margins cutting the planar-bedded and 

deformed host sediments (sample Di1A, PPL). Note the massive structure of the injection dyke. E: Minute 
sand-filled veinlets in clay with upward sense of sand advection directly overlain by a cross-laminated 

undisturbed ripple (lower part of sample Di3, PPL). F: Boundary between injected (upper part) and host 
sediments (lower part) highlighted by a grain size boundary marked by red dotted line (sample Di1B, PPL). 



 

Fig. 14. Regional faults and seismic events in the south-eastern Baltic region (after Gregersen et al., 2007; 
 & Šliaupa, 2011;  et al., 2012; Nikulins & Assinovskaya, 2018). 
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