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Abstract 14 

Large-scale landforms originated from jökulhlaups or glacial lake-outburst floods (GLOFs), 15 

and their small-scale components help in recognising the sedimentary environment of the flood. 16 

The GLOF fans that developed along the Pleistocene ice-sheet margin have not been 17 

investigated in detail, and north-eastern Poland, with its Megaflood Landform System and 18 

Bachanowo and Szeszupka fans, seems ideal for landform and sedimentary studies. This paper 19 

provides (1) an important opportunity to recognise the origins of glacier lake-outburst flood 20 

outlets and their evolution during two GLOFs and (2) a model of the origin of ice-marginal fans 21 

considering changes in sedimentary environment reflecting flood stages. During the first GLOF 22 

(GLOF1), the rising stage of meltwater burst triggered the formation of a supraglacial outlet 23 

and the development of the Szeszupka outburst fan. During the pulsed peak discharge, 24 

subglacial multi-channelised meltwater outburst caused the formation of the Bachanowo Gate, 25 

which was finally transformed at the flood waning stage. Such processes were associated with 26 
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the widening of the floodwater subglacial routeway, when floodwater outlets rapidly spread 27 

across the glacier snout. In contrast, GLOF2 was responsible only for the Szeszupka fan erosion 28 

and development of outburst terraces. The small-scale bedforms continuum, recognised on the 29 

outburst fan surface, is associated with the development of streamlined erosional residuals, 30 

scours and their trains during the rising stage and peak discharge, while the waning stage and 31 

very end of flood conditions were favourable to the formation of pendant bars, distributive 32 

channels with erosional bars and chute bars, regardless of the feeding systems of the outburst 33 

fans. 34 

The fan deposits were OSL-dated and revealed either, likely, overly old ages or an age 35 

of 13.2±0.9 ka. The latter age would imply the ‘normal’ meltwater outflow having a correlation 36 

with the events in the region. Nevertheless, this age might be considered a minimum age of the 37 

flood. 38 
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 42 

1. Introduction 43 

Landforms and sediments associated with volcanically-generated jökulhlaups or glacial lake-44 

outburst floods (GLOFs) from ice-dammed lakes have been described widely, and large-scale 45 

features indicative of these GLOFs comprise both erosional landforms (e.g., residual ridges and 46 

erosional bars) and depositional landforms (e.g., jökulhlaup fans, expansion bars, pendant bars, 47 

dunes) scaled to the flood channel width and depth (e.g., Baker, 1973; Lord and Kehew, 1987; 48 

O’Connor, 1993; Maizels, 1997; Marren et al., 2002; Kozlowski et al., 2005; Carrivick and 49 

Rushmer, 2006; Russel et al., 2006; Carling et al., 2009a, 2010; Marren and Shuh, 2009; 50 

Meinsen et al., 2011; Lang et al., 2019; Weckwerth et al., 2019; Wells et al., 2022). Small-scale 51 

bedforms are component elements of the main GLOF-related features. As such, identifying the 52 



processes and factors controlling the development of these landforms plays a crucial role in 53 

recognising the sedimentary environments of GLOFs, which are highly variable (Marren and 54 

Shuh, 2009; Carling, 2013; Wells et al., 2022). 55 

GLOF-related small-scale bedforms can form continua in terms of their spatial 56 

(downstream) and temporal changes in sedimentary environments (i.e., variations in sediment 57 

flux, flood magnitude and its rising or falling stages). The first (spatial) continuum relates to 58 

downstream variations in the morphology of the large-scale GLOF-related landforms, while the 59 

temporal continuum is displayed in their sedimentary successions (e.g., Russel and Knudsen, 60 

1999, 2002b; Carling, 2013; Wells et al., 2022). As many studies indicate, the most common 61 

bedforms originating from supercritical flow that are recorded in the sedimentary successions 62 

of the GLOFs are gravel bedload sheets, cyclic-steps, chutes-and-pools and antidunes 63 

developed in confined or semi-confined settings and forming large bedforms (e.g., Russell et 64 

al., 2006; Rushmer, 2006; Duller et al., 2008; Russel, 2009; Marren and Shuh, 2009; 65 

Winsemann et al., 2011, 2016, 2018; Girard et al., 2012; Carling, 2013; Lang and Winsemann, 66 

2013; Lang et al., 2021; Weckwerth et al., 2022). Nevertheless, bedforms and sediments typical 67 

of Froude-supercritical flow may originate at the very end of the flood (Maizels, 1993; Russell 68 

and Marren, 1999; Smith, 1993; Shaw et al., 1999; Marren, 2002; Carling et al., 2009b, 2013; 69 

Lang and Winsemann, 2013; Winsemann et al., 2016).  70 

A wide range of different bedforms, mostly related to Froude-supercritical flow, has 71 

been interpreted from sedimentary successions of GLOF-related subaqueous ice-marginal fans 72 

and deltas (Russel et al., 2006; Winsemann et al., 2009, 2011, 2016, 2018; Lang and 73 

Winsemann, 2013; Lang et al., 2021; Weckwerth et al., 2022) or developed in subaerial settings 74 

interpreted as a result of catastrophic meltwater outflow (e.g., Zieliński and van Loon, 2000; 75 

Krzyszkowski, 2002; Krzyszkowski and Zieliński, 2002; Kjær et al., 2004). As pointed out in 76 

many studies, the morphology and processes forming ice-marginal fans and deltas originating 77 

from GLOFs are closely associated with the floodwater outlet morphology, flow confinement, 78 



characteristics of peak flood discharges and waning flow conditions, rate of sediment flux, and 79 

backwater level changes (e.g., Russell and Knudsen, 1990, 2002b; Blair 2001, 2002; Gomez et 80 

al., 2002; Benn et al., 2006; Russel et al., 2006, 2007; Russell, 2009; Weckwerth et al., 2019; 81 

Harrison et al., 2022, 2023). In many cases, these circumstances have not been considered in 82 

investigations into the evolution of ice-marginal fans along the margin of the Pleistocene ice 83 

sheets. Although the morphology of proglacial areas has been analysed in terms of 84 

contemporary development of ice-contact fans and their sedimentary successions (e.g., Russell 85 

and Knudsen, 1990, 2002b; Gomez et al., 2000, 2002; Russel et al., 2006; Weckwerth et al., 86 

2019, 2021), little attention has been paid to downstream changes in bedform types and their 87 

sedimentology for outburst fans developed under special conditions (i.e., in laterally confined, 88 

subaerial settings of the proximal reaches of spillways and those that originated from the 89 

drainage of meltwater stored in non-volcanic subglacial lakes during the last glaciation) (e.g., 90 

Kehew and Teller, 1994; Clayton et al., 1999; Cutler et al., 2002; Kozlowski et al., 2005; 91 

Jørgensen and Sandersen, 2006; Weckwerth et al., 2019, 2022; Wells et al., 2022; Weckwerth 92 

and Wysota, 2024). 93 

Considering the aforementioned research problems and gaps, this study examines 94 

geomorphological and sedimentological records of GLOFs that relate to the formation of 95 

subaerial outburst fans; it also provides an opportunity to improve existing models of evolution 96 

of the fans under the specific conditions of laterally confined settings and in association with 97 

the formation of GLOF outlets during meltwater release from non-volcanic subglacial lakes at 98 

the end of the last glaciation. In these contexts, our objectives here are to (1) describe, discuss 99 

and interpret the sedimentary environments and geomorphic features produced by GLOFs at 100 

the submarginal position and at the front of two types of floodwater outlets; (2) recognise 101 

bedform types, their spatial and temporal continuum and factors influencing their development, 102 

(3) present a qualitative model for the evolution of floodwater outlets and associated subaerial 103 



outburst fans and their bedforms considering changes in the englacial feeding system, and (4) 104 

attempt a chronological frame of the GLOF. 105 

 106 

2. Geomorphological setting 107 

 108 

The study area is located in north-eastern Poland and partly covers the Western and Eastern 109 

Suwałki Lakelands, which are composed mostly of glacial deposits forming a moraine upland 110 

(Fig. 1B). Its morphology is characterised by ice-marginal and dead-ice features related to the 111 

recession of the Scandinavian Ice Sheet at the decline of the Weichselian Glaciation (MIS 2) 112 

(Kondracki and Pietkiewicz, 1967; Ber, 1974, 1982, 2000). The moraine upland is dissected by 113 

large tunnel valleys that developed in a subglacial setting, namely the Szeszupa Tunnel Valley, 114 

the Jeleniewo Tunnel Valley, the Great Szelment Lake Tunnel Valley and the Hańcza Lake 115 

Tunnel Valley (Fig. 1). With the exception of the Hańcza Lake Tunnel Valley, these all evolved 116 

during glacial lake-outburst floods and represent first-order landforms of such origin 117 

(Weckwerth et al., 2019; Wysota and Weckwerth, 2024). The second-order subglacial and 118 

flood-related features are glacial curvilineations (GCLs), composing clusters of parallel ridges 119 

separated by troughs of different lengths, widths and heights. 120 

 The Western and Eastern Suwałki Lakelands are intersected by the Augustów Plain (the 121 

Suwałki-Augustów sandur) (Fig. 1A, B). This outwash plain (sandur) was formed by proglacial 122 

meltwater activity during the Late Weichselian (Kondracki and Pietkiewicz, 1967; Ber, 1974; 123 

Bogacki, 1976, 1980; Zieliński, 1989, 1993; Weckwerth et al., 2019). Its surface drops from 124 

north to south, from ~190–170 m a.s.l. near Suwałki to ~130–140 m a.s.l. near Augustów, 125 

comprising a system of four main topographic (outwash) levels (1–4) (Fig. 1).  126 

 It is thought that the northern part of the Suwałki-Augustów sandur developed during 127 

the ice-sheet retreat of the Pomeranian phase of the Weichselian glaciation (Bogacki, 1976; 128 

Zieliński, 1989, 1993; Zieliński and Van Loon, 2003) and includes two separate tracks of 129 



meltwaters, namely the Western and Eastern Spillways (Fig. 1). These formed as a result of a 130 

glacial lake-outburst megaflood (Weckwerth et al., 2019) and represent the first-order 131 

proglacial landforms in the Proglacial Megaflood Landform System (as a part of the Megaflood 132 

Landform System) that merge around Suwałki town (Figs 1A–C). The megaflood-related 133 

second-order landforms cover scabland-like topography, subaerial outwash (outburst) fans, 134 

obstacle marks, megadunes and clusters of kettle holes (Weckwerth et al., 2019) (Figs 1A–E 135 

and 2). 136 

Two subaerial outburst fans, i.e. the Bachanowo and Szeszupka Fans, developed in the 137 

proximal reach of the Western Spillway, which is 12.1 km long and up to 4.5 km wide and 138 

comprises three outwash levels (Figs 1 and 2). During the GLOFs, this spillway existed as an 139 

ice-walled canyon fed by floodwaters flowing from the Bachanowo and Szeszupka Gates (ice 140 

portals) (Fig. 1A–C). Each of the two fans started to form at the front of these floodwater outlets 141 

and at the mouth of the Szeszupa Tunnel Valley (the Bachanowo and Szeszupka outburst fans) 142 

(Figs 1 and 2). 143 

 144 

3. Methods  145 

 146 

3.1. Geomorphological mapping and morphometry analysis 147 

The landforms originating from GLOFs in the study area were mapped on the base of DEMs 148 

with pixel size 1×1 m (generated from LiDAR data). The geomorphological mapping of terrain 149 

features was conducted after superimposing the DEMs and hillshade images (relief map with 150 

solar azimuths of 315° and solar angle of 45°), which allowed the detection error to be 151 

minimised (Schillaci et al., 2015). After the landform locations were mapped, their 152 

morphometric parameters were measured as length (L), width (W), depth (D), height (H) and 153 

orientation (A – azimuth of the strike in degrees) using GIS tools (ArcGIS 10.8.1). 154 

 155 



3.2. Lithofacies analysis 156 

Genetic classification of the sediments and the types of lithofacies were performed for six key 157 

sites on the Bachanowo and Szeszupka outburst fans. Due to the lack of gravel and sand pits, it 158 

was necessary to cut 4-5-m deep and a 4-5-m wide trenches, using an excavator. Thus, the 159 

description and interpretation of sedimentary structures were based on rather small excavations, 160 

and to avoid misinterpretation, lithofacies were investigated on all four of the trenches walls, 161 

which were perpendicular to each other. The sedimentary lithofacies at the key sites were 162 

identified using the terminology and lithofacial coding after Miall (1978, 2006), Krüger and 163 

Kjær (1999), Cofaigh et al. (2011) and Lang et al. (2021) (Table 1). As a result, sedimentary 164 

facies associations (units) were defined and the depositional environments and bedform origins 165 

were interpreted taking into account the textural and structural properties of the sediment (Table 166 

1) (cf. Bridge, 1993; Lang et al., 2021). 167 

 168 

3.3. Grain-size distribution 169 

The grain-size distributions of sediments were assessed by sieving at 1-φ intervals for sands 170 

and gravels, while the silt and mud fractions were measured at 0.25-φ intervals using a laser 171 

particle-size analyser (Analysette 22). The results enable the determination of the textural types 172 

of sediments according to the scale proposed by Wentworth (1922), and sediment classes and 173 

names were defined by the percentage of gravel and the ratio of sand to silt and clay. The 174 

statistical parameters for the grain-size distributions were calculated using the geometric 175 

method of moments, and are median grain diameter (d50), sorting (σ), skewness (Sk) and 176 

kurtosis (Kg). 177 

 178 

3.4. Geophysical research 179 

Ground-penetrating radar (GPR) was used to investigate geological structure and sediment 180 

variability in detail (Jol, 2008) along profiles that intersected the Bachanowo outburst fan 181 



perpendicular to the direction of floodwater outflow. A LEICA DS2000 with dual-head sensor 182 

integrating ultra-wide band antennae (250 MHz and 700 MHz) was used, and ReflexW was 183 

used software for processing and interpretation. 184 

 185 

3.5. Sediment age determination 186 

Wherever available, ~25-cm thick sandy beds were sampled for optically-stimulated 187 

luminescence (OSL) dating by hammering four opaque plastic tubes into the freshly cleaned 188 

walls (Figs 8A and 11A). Samples were further prepared in the Lund Luminescence Laboratory, 189 

Sweden. The inner part of the sediment was wet-sieved, and the 180–250-μm fraction was used 190 

for chemical treatment (10% HCl, 10% H2O2 and density separation at 2.62 g/cm3). After 191 

separation, the quartz extract was treated with 40% HF, followed by 10% HCl to remove 192 

fluorides. 193 

Small 2-mm aliquots of quartz extracts were analysed in a Risø TL/OSL reader model 194 

DA-20 (Bøtter-Jensen et al., 2010) with OSL stimulation by blue light sources (470±30 nm) 195 

and detection through 7 mm of U340 glass filter. The 180–250 μm quartz fraction was measured 196 

with post-IR blue stimulation, because of the high feldspar contamination. The standard dose 197 

recovery test was passed with a value of 0.95±0.04 (n=12). To obtain the equivalent dose (De; 198 

dose), between 23 and 28 aliquots were accepted. 199 

Historical water content was set as 11%±5%. High-resolution gamma spectrometry was 200 

used to determine the sediment dose rate (Murray et al., 1987) at the Nordic Laboratory for 201 

Luminescence Dating, Aarhus University, Denmark. Later, based on the DRAC online 202 

calculator (Durcan et al., 2015), the environmental dose was calculated. 203 

 204 

4. Results  205 

 206 



The Bachanowo and Szeszupka outburst fans (BOF and SOF, respectively) developed at the 207 

mouth of the Szeszupa Tunnel Valley (Figs 1 and 2), and thus the origin of landforms in 208 

subglacial flood routeway at submarginal position was analysed because it plays a crucial role 209 

in the recognition of evolutionary stages for both outburst fans. Moreover, these fans are 210 

characterised by proximal zones located along ice-marginal sedimentary escarpments (Figs 1C–211 

E and 2) and the intermediate zone located between the BOF fan apex and subglacial flood 212 

routeway. In addition, the BOF and SOF are incised into pre-existing moraine uplands and thus 213 

are confined by slopes of heights up to 16 m (Figs 1 and 2). The fans are located close to each 214 

other, and their lower reaches form one morphological level, which continues southwards to 215 

form the highest (main) outburst terrace (T1) in the Western Spillway, which corresponds to 216 

outwash level 2 of the Suwałki-Augustów sandur (Figs 1B, D and 2C, D).  217 

 218 

4.1. Morphology and origin of landforms in subglacial flood routeway and at submarginal 219 

position 220 

The Szeszupa Tunnel Valley, as the major floodwater routeway, consists of a few widenings 221 

and erosional levels of different heights, the southernmost of which developed near to the BOF 222 

and SOF (Figs 1 and 2).  223 

  224 

4.1.1. Subglacial landforms near the Bachanowo outburst fan 225 

Subglacial landforms at the contact of the BOF cover two morphological levels, the heights of 226 

which increase from 210 to 248 m a.s.l. towards the former ice-sheet margin, where the 227 

floodwater outflow (the Bachanowo Gate) occurred (Figs 1–3 and 4A, B). The first type of 228 

subglacial features is represented here by a cluster of arcuate ridges, which are parallel to the 229 

estimated and local subglacial flow direction and separated by troughs of depths up to 30 m 230 

(Figs 1–3). The southern ends of these ridges pass to the BOF or drop towards the bottom of 231 

the Szeszupa Tunnel Valley. Individual ridges are up to 100–400 m wide and up to 3 km long. 232 



These landforms have surfaces occupied by boulder pavements occurring at altitudes of 210–233 

260 m a.s.l., being similar to the height of the neighbouring moraine upland (Figs 1D and 2A, 234 

C). In addition, parallel ridges near Łopuchowo have uneven crest lines that undulate by up to 235 

20 m and are also capped by narrow, superimposed eskers (Figs 1E and 2C). The morphological 236 

characteristics of the arcuate and parallel ridges near Łopuchowo allow them to be interpreted 237 

as glacial curvilineations of exceptionally large size formed as erosional remnants of the 238 

antecedent substratum having been carved by flows of subglacial meltwaters (Figs 2C and 3A) 239 

(Lesemann et al., 2010, 2014; Wysota et al., 2020; Adamczyk et al., 2022; Hermanowski and 240 

Piotrowski, 2023).    241 

The second type of subglacial landforms lying upflow of the Bachanowo Gate is 242 

represented by a set of semi-parallel and poorly-developed ridges of heights up to 6 m and 243 

widths up to 120 m, which reach 400 m in length and occur on the higher erosional level (Figs 244 

2C and 3A). These ridges are interpreted as initial GCLs, which constitute a morphological 245 

continuum with the well-developed GCLs, considering that their crest lines have the same 246 

orientation and the heights of their top surfaces are similar; however, the troughs separating 247 

them decrease in depth towards the ice-sheet margin (Figs 2C, 3A and 4B). According to these 248 

characteristics, initial GCLs were shaped under conditions of meltwater pressure near the ice-249 

sheet margin that was lower than for the larger and well-developed GCLs near Łopuchowo 250 

(Lesemann et al., 2010, 2014; Adamczyk et al., 2022).  251 

 252 

4.1.2. Subglacial landforms near the Szeszupka outburst fan 253 

The bottom of the Szeszupa Tunnel Valley at the contact with the Szeszupka outburst fan rises 254 

by 60 m over a distance of 2.5 km (from 170 to 230 m a.s.l.; Fig. 3B). Its steeper part occurs 255 

between the Wodziłki sub-basin and the bottom of the Szeszupa Tunnel Valley, where the 256 

adverse (up-ice dipping) surface descends to the north at an angle of 3.22°, which was probably 257 

favourable for glaciohydraulic supercooling (see Discussion). In addition, the bottom of the 258 



Szeszupa Tunnel Valley is characterised by the occurrence of dead-ice topography in its 259 

lowermost part and a swarm of GCLs in the Wodziłki sub-basin (Figs 2B, D and 3B). The 260 

hummocky topography is dominated by isolated or grouped kames of heights up to 20 m 261 

separated by kettle holes of different shapes, while the swarm of GCLs comprises ten individual 262 

GCLs that are 400–890 m long and 30–75 m wide, lying between 196 and 218 m a.s.l. (Figs 263 

2B, D and 3B). Their crests drop northwards to the bottom of the Szeszupa Tunnel Valley, 264 

while their arched south-western reaches are parallel to the SOF edge and end at the contact 265 

with the narrow proglacial valley incised into the outburst terrace T3 in the Western Spillway 266 

(Figs 1 and 2). Considering these, the GCLs in the Wodziłki sub-basin were formed by the 267 

erosion of pressurised subglacial meltwater flows (e.g., Lesemann et al., 2014; Adamczyk et 268 

al., 2022; Hermanowski and Piotrowski, 2023), which were not associated with the SOF 269 

formation.   270 

 271 

4.1.3. Submarginal intermediate zone 272 

 273 

4.1.3.1. Morphology 274 

The intermediate zone (ITZ) was identified between the BOF apex and the swarm of the initial 275 

GCLs in the Szeszupa Tunnel Valley (Figs 2B, C; 3A and 4B). This zone is attributed to the 276 

highest morphological level in the southern margin of the Szeszupa Tunnel Valley and 277 

continues over a distance of 250–300 m to the BOF head, having an adverse subglacial bedslope 278 

that dips northward (up-ice) at 1.8° (Fig. 3A). Moreover, the morphology of the ITZ is 279 

characterized by a set of 1–2.5-m-high ridges interpreted also as initial GCLs up to 220 m long 280 

and 80 m wide, which fork to the south-west, i.e. towards the former floodwater outlet (Figs 281 

2C, 3A, 4B and 5A).  282 

 283 

4.1.3.2. Sedimentary succession 284 



Facies description 285 

The sediments of the ITZ were recognised at the Bachanowo 1 site (B1) located between ridges 286 

of initial GCLs (Figs 2C, 3A; 4A, B, 5A and Supplementary 1). Here, three sedimentary units 287 

U1–U3 were distinguished (Fig. 6). Unit U1 consists of horizontally laminated fine-grained 288 

sands and silts (Fig. 6). Lying above U1 are 3.7-m-thick sediments that form units U2 and U3. 289 

Unit U2 is represented by two sets of facies GBm, GRsc and GPsc (Fig. 6C, D). The lower 290 

position in each set is usually occupied by massive gravels and boulders with sandy matrix 291 

(GBm) of a thickness up to 0.8 m. These sediments are capped by sigmoidally cross-stratified 292 

granules and pebbles with admixture of sands (GRsc(GPsc)) each of up to 1.4 m thick (Fig. 6C, 293 

D). In the lower set, these deposits are better sorted and coarser than those in the upper set, and 294 

also exhibit openwork texture (Fig. 6C, D). Moreover, facies GRsc and GPsc have laminae that 295 

dip upstream and are concave-up across the palaeoflow, containing sandy rip-up clasts of 296 

lengths up to 1.1 m and thicknesses up to 0.45 m (Fig. 6C).  297 

The uppermost sedimentary unit U3 in the Bachanowo 1 site is represented by deformed 298 

silts, sands of different fractions and large-scale clasts of diamicton (till), all affected by two 299 

systems of deformations (Fig. 6D–F). The first deformation system is bounded by two major, 300 

curved slip surfaces (normal faults) (mss1 and mss2 in Fig. 6A, C, D, F) and includes two 301 

diamicton (till) clasts, between which a diapir-like structure exists (ds in Fig. 4A, F). Its lower 302 

part is bounded by mss2, above which there occur rip-up clasts and sandy and gravelly boudins 303 

deformed by shear folds and microfaults (Fig. 6F). The upper part of the diapir-like structure 304 

consists of stratified or massive fine-grained sands and silts with patches of gravels. A set of 305 

small-scale folds and series of conjugate microfaults wrap around the large-scale till clasts (Fig. 306 

6E).  307 

The second system of deformations within unit U3 was identified southward of the mss1 308 

in profile 2 and in the upper part of profile 3 (Fig. 6D). The deformed sediments form a narrow 309 



horst here (hs in Fig. 6D) that is bordered by normal faults lying at the contact with a narrow 310 

gravity-induced depression (gravifossum; Gruszka and van Loon, 2011)  (gf in Fig. 6D). 311 

 312 

Facies interpretation 313 

The sedimentary succession in the Bachanowo 1 site documents the development of the ITZ, 314 

which was associated with floodwater release from the Szeszupka Tunnel Valley at the 315 

Bachanowo Gate (Figs 2 and 4A, B). Unit U1 is interpreted as a substratum of GLOF deposits 316 

that comprises sedimentary units U2 and U3 (Fig. 6). Two evolutionary stages and geomorphic 317 

processes in the ITZ refer to the GLOF sedimentary succession of these two units. At the 318 

beginning of the first stage (unit U2 deposition), the ice-sheet bed (unit U1) was scoured at the 319 

submarginal position and covered by lag deposits during the subglacial flood. Afterwards, the 320 

deposition of two sets of lithofacies associations GBm, GRsc/PGsc developed, and may indicate 321 

(1) rhythmic floodwater outflow, (2) two flood peaks, and/or (3) rapid temporal and spatial 322 

switching of depositional and erosional processes (Russell et al., 2001). The openwork texture 323 

suggests the intensive outwashing of fine fraction during initial peak-flow energy (Carling, 324 

1990; Shaw and Gorrell, 1991; Weckwerth et al., 2022), through a combination of traction, 325 

buoyancy, and dispersive pressure (Pierson and Scott, 1985). The existence of rip-up clasts 326 

within unit U2 confirms rapid cut-and-fill processes, during which rip-up clasts in a non-frozen 327 

state can be deposited (Ito et al., 2014; Lang et al., 2017a). The ice-sheet bed disruption by 328 

floodwater and short-distance redeposition of large amounts of sediment occurred under 329 

condition of intense suspension fall-out. Regardless, it cannot be ruled out that floodwaters 330 

eroded permafrozen glaciogenic sediments and ice-sheet substratum to provide frozen rip-up 331 

clasts (Are 1983; Russell and Knudsen, 1990, 1999, 2002b; Roberts et al., 2001; Russell et al., 332 

2001, 2005, 2006; Randriamazaoro et al. 2007; Weckwerth and Pisarska-Jamroży, 2014; 333 

Sobota et al., 2016, 2018). 334 



The third, post-flood stage in the ITZ evolution, unit U3, reveals firstly meltwater 335 

outflow and the deposition of sands and gravels at the contact with ice blocks and secondly, 336 

subsequent accumulation of fine sediments in small ice-marginal lakes.  The gravitational 337 

instability of these sediments, as an effect of degradation of ice walls and buried ice blocks (ice 338 

fractured during meltwater burst), triggered the development of a variety of soft-sediment 339 

deformation. Deformation processes (slumping and subsidence due to ice-blocks melting) 340 

caused two deformation systems to form in the ITZ, that are divided by a horst structure. The 341 

first system represents final, large-scale ice-marginal deformation associated with plastically 342 

upward movement of the glaciofluvial and limnoglacial post-flood sediments, finally forming 343 

a diapir-like structure due to lateral pressure exerted by the weight of the slumped till clasts and 344 

triggered by the removal of supporting ice blocks or ice walls (Roberts et al., 2000a, 2001; 345 

Russel et al., 2001; Blauvelt et al., 2020). The second deformation system is associated with a 346 

near-simultaneous gravifossum development due to the melting of ice-blocks buried by the 347 

outwash sediments (compare Gruszka and van Loon, 2011). 348 

 349 

4.2. Outburst fans 350 

 351 

4.2.1. Outburst fan morphology  352 

The Bachanowo and Szeszupka outburst fans have lengths of 3.2 km and 1.2 km, respectively, 353 

while their maximum width is 1.2 for the BOF and 1.3 for the SOF (Fig. 3). Their surfaces have 354 

gradients of 0.0079 and 0.0005, respectively. The longitudinal profile of the BOF surface 355 

reveals upper (proximal) and lower (distal) zones (Fig. 3A). The proximal zone is characterised 356 

by a concave longitudinal profile, a length of 1600 m and a width of up to 1400 m. By contrast, 357 

the BOF distal zone is 1500 m long and 1120 m wide and has an almost uniform surface slope. 358 

The SOF is up to 1100 m wide and 1200 m long and has a uniform surface slope similar to the 359 

distal zone of BOF (Figs 2B and 3B). Additionally, the SOF surface is characterised by a 360 



reduction in lateral extension of its southern and south-western parts due to meltwater erosion 361 

forming the outburst terraces T2 and T3, and the lack of a proximal zone (similarly to the BOF) 362 

(Figs 2 and 3). 363 

The morphology of both the BOF and the SOF displays a system of narrow and 364 

downstream elongated ridges. Their lengths (L) vary between 70 m and 687 m (average 254 m; 365 

n=18) for the BOF and 90–473 m (average 240 m; n=16) for the SOF, while widths are in the 366 

range 23–61 m (average 42 m) and 23–72 m (average 43 m), respectively. Considering these, 367 

the L/W ratio for the BOF ranged between 2.5 and 16.7 (average 5.8) and 3.2–10.8 (average 368 

5.5) for the SOF. These ridges are separated by oval enclosed depressions (scours), which are 369 

up to 85 m long and up to 2.5 m deep and form scour trains in places. Elongated ridges also are 370 

separated by a network system of channels, mostly of braided pattern (Figs 2A, B, 4 and 5A–371 

C). These channels and ridges merge upstream in the BOF apex (near the Bachanowo Gate; 372 

Figs 2A, C and 4A, B). Moreover, elongated ridges in the outburst fan distal part are further 373 

apart than those in its proximal zone (Figs 2A, B and 5). 374 

Variable outburst fan morphology is typical of the slightly elevated areas that occur 375 

downstream of elongated ridges or at the mouth of scoured channels, which two features are 376 

interpreted as small-scale pendant and chute bars, respectively (Fig. 5C, F).  377 

 378 

4.2.2. Sedimentary successions and bedform origins 379 

Sedimentary successions of elongated ridges, bars and scours were recognised in five key sites 380 

(trenches B2–B4 and S1–2) and along two GPR profiles perpendicular to the palaeoflow 381 

direction (Figs 2, 4 and 7–11).  382 

 383 

4.2.2.1. Downstream-elongated ridges 384 

Facies description  385 



The sedimentary succession of the elongated ridge in the proximal reach of the BOF was 386 

recognized in the Bachanowo 2 site (trench B2; Fig. 4). Here, massive, matrix-supported and 387 

clast-poor diamicton (Dm(m1)) is capped by a 0.8-m-thick layer of sandy and massive 388 

diamicton (DSm(m1)(d)) with deformed sandy clasts and sheared sand inclusions along the 389 

shear plane (reverse fault) dipping northward (Fig. 4D). The upper part of the sedimentary 390 

succession is of stratified and deformed sandy diamicton (DSs(m1)) of a thickness up to 0.6 m 391 

and massive sands with admixture of gravels (SGm).  392 

 The GPR data reveal that the elongated ridges in the BOF proximal zone represent one 393 

dominant and two secondary reflection types (radar facies RF1–3; Fig. 7A). The dominant radar 394 

facies (RF1) are of very low-amplitude signal with sparse, chaotic and incoherent reflections. 395 

This facies (within the extent of elongated ridges) is interbedded by the secondary one, which 396 

is characterised by low amplitude, planar or wavy reflections (RF2) and capped by the radar 397 

facies with continuous and planar reflections (RF3; Fig. 7A). 398 

In the distal zone of the BOF, the radar facies architecture of elongated ridges is variable, 399 

and their complex pattern is characterised by a system of alternating radar facies that dip in 400 

opposite directions, perpendicular to the palaeoflow, i.e. westwards and eastwards (Fig. 7B). 401 

Here, the basal radar facies (RF1) lies below those composing the flanks of two channel infills, 402 

between which elongated ridges developed. These radar facies are characterised by a strong, 403 

continuous and finely dense undulated reflection (RF4), very-high-amplitude, wavy and 404 

continuous reflections (RF5), low amplitude and locally noisy reflections (RF6) and low and 405 

moderate, continuous reflections (RF7) (Fig. 7B). 406 

 407 

Facies interpretation 408 

The sedimentary successions of the downstream-elongated ridges relate to two different 409 

depositional environments. The first is associated with the subglacial till deposition in the 410 

Bachanowo 2 site and subsequent till deformation as a result of compression in a subglacial 411 



setting during ice-sheet advance from the north and/or in the ice-marginal (proglacial) 412 

environment (Hart and Boulton, 1991; van der Wateren, 1999; Evans and Thomson, 2010). 413 

During the second phase, stratified diamicton and massive sands and gravels were deposited 414 

along the ice-sheet margin throughout its recession, as the ice-marginal fan surface was 415 

transformed by debris flows (Krzyszkowski, 2002; Krzyszkowski and Zieliński, 2002).  416 

The dominant radar facies (RF1) composing the streamlined residual ridge in the 417 

Bachanowo 2 site is interpreted as massive and clay-rich sediments attenuating the radar signal, 418 

which infers the presence of massive diamicton (glacial till). The RF2 represents a layer of 419 

deformed sandy clasts and interbedded till. The RF3 corresponds to massive sands and gravels 420 

capping the surface of the elongated ridge (Figs 4D and 7A). Regardless of the origin of 421 

sediments in the Bachanowo 2 site, the interpreted depositional processes took place before the 422 

GLOF in an ice-marginal setting near to the Bachanowo Gate. Such an interpretation indicates 423 

that the elongated ridges in the proximal zone of the BOF are erosional remnants and fluvially-424 

shaped, i.e. streamlined residual hummocks (sensu Baker (1978) and Maizels (1997); rh in Figs 425 

5 and 7A) because they are compose of till deposited in subglacial and ice-marginal settings. 426 

Such well streamlined features are attributed to high discharges, and were formed under fully 427 

submerged flow conditions (Komar, 1983; Meinsen et al., 2011). By contrast, the elongated 428 

ridges in the distal zone of the BOF are further apart than those located in the proximal zone 429 

and consist of water-lain GLOF sediments composing the flanks of two parallel scoured 430 

channels (Figs 2A, B, 4 and 7B). These ridges in distal setting are interpreted as erosional bars 431 

because they are composed of GLOF sediments, but the final morphology of these bedforms 432 

was shaped due to lateral scouring of channels separating elongated ridges (Maizels, 1997; 433 

Benn et al., 2006; Meinsen et al., 2011).  434 

 435 

4.2.2.2. Isolated scours fills 436 

Facies description 437 



Sedimentary successions of isolated scours infills were recognized in the Bachanowo 4 site and 438 

along selected reaches of two GPR profiles located in proximal and distal zones of the BOF 439 

(Figs 5, 7 and 8; Table 3).  440 

Scour bottoms referring to a basal erosional surface and the scouring depth occur at two 441 

morphological levels, i.e. 246 m a.s.l and 244 m a.s.l. in proximal zone of the BOF (Figs 4A, 442 

5A and 7A). Here three types of reflections constitute the set of radar facies of scour infill which 443 

reveals maximum thickness as 3.8 m (GPR profile A-A’ in Fig. 7A). The lower and middle 444 

parts of the scour infill continuous and densely undulated reflections that are locally noisy 445 

(RF4). The pattern of the RF4 facies indicates two sedimentary successions, the youngest of 446 

which is 3 m thick and which cut previously-deposited sediments of RF4 and substratum (RF1) 447 

(Fig. 7A). In the upper parts of scours, very-high-amplitude, wavy and continuous reflections 448 

(RF5) appear, capped locally by the sediments of low-amplitude and noisy reflections (RF6). 449 

The radar facies forming the scour infills in the distal zone of the BOF (near the 450 

Bachanowo 4 site) are represented by wavy and continuous reflections (RF5) and low and 451 

moderate, continuous reflections (RF7) (Fig. 7B). These radar facies lie below a continuous and 452 

dense, finely undulated reflection (RF4) and low amplitude and locally noisy reflections (RF6).  453 

The sedimentary succession of isolated scour in the Bachanowo 4 site (Fig. 8; 454 

Supplementary 2), is represented by three facies associations (1–3 in Fig. 8). The first is 455 

incompletely excavated, showing only horizontally or low-angle stratified sandy medium 456 

gravels, which are poorly sorted and have gravelly laminae exhibiting openwork texture and/or 457 

sandy interbeddings (GRh(o) and GRl(o) facies; Fig. 8A, C, E; Table 3). These sediments are 458 

covered by ripple-cross laminated, fine sands with fine gravel admixtures, which are moderately 459 

sorted. The second association (GBm, GRsc/GPsc, GSm, Sr/Sm; 2 in Fig. 8) represents a fully-460 

developed scour infill succession bounded by upper and lower erosional surfaces. The lower 461 

erosional surface dips downstream along with a layer of massive gravels with boulders (GBm) 462 

of a thickness of up to 0.6 m; its matrix is represented by poorly sorted, sandy medium gravels 463 



(Table 3). Nevertheless, the main sediment body of scour infill represents facies GRsc(GPsc)(o) 464 

(Figs 8A, B, E), which changes upward from poorly sorted sandy very fine gravels and sandy 465 

medium gravels into very poorly sorted coarse silty sandy very fine gravels (Tab. 3). This 466 

succession is up to 1 m thick and reveals crude concave-up and sigmoidal cross-467 

stratificationwith open-work texture (Figs 8D, E). The upper part of facies association 2 468 

comprises two thin and discontinuous sediment layers, and consists of massive diamicton, 469 

which is matrix-supported and with a moderate content of clasts (DGm(m2)), where the matrix 470 

is represented by very coarse silty fine sands, very poorly sorted (Fig. 8A; Table 3). The same 471 

textural types of sands, but showing massive structure or ripple cross-lamination, composes the 472 

second layer, in places capping the diamicton (Fig. 8A-B). 473 

 The lower part of the third facies association of a thickness up to 1.2 m comprises 474 

massive gravels and boulders (GBm and BCm facies in Fig. 8A, B). The maximum length of 475 

longer boulder axes is 0.8 m, while the matrix is poorly sorted sandy medium gravels. These 476 

sediments are covered by a discontinuous facies of sinusoidally or low-angle cross-stratified 477 

sandy medium gravel (maximum thickness 0.45 m), which is also poorly sorted but exhibits 478 

openwork texture (GRl(o)/GRs(o) facies in Figs 8B, F; Table 3). The upper part of the third 479 

facies association is completed by massive gravels of a thickness up to 1.1 m with matrix of 480 

very poorly sorted muddy sandy gravels (GSm facies in Fig. 8B). 481 

  482 

Facies interpretation 483 

The scour origin and evolution were related to the cyclic erosion and deposition of three 484 

upward-fining sedimentary successions. The first but incomplete succession (facies association 485 

1 in Fig. 8) is similar to the upper member of the second succession (facies association 2 in Fig. 486 

8) comprising facies GBm→GRsc/GPsc(o)→DGm(m2)/GSm→SFm/SFr. Its lowermost 487 

member (GBm facies) is interpreted as a gravelly lag determining the trough depth. The main 488 

(inner) member (GRsc/GPsc(o) facies) represents scour infill deposition (Cartigny et al., 2011, 489 



2014; Lang and Winseman 2013; Lang et al., 2017a, b, 2021), while the upper member 490 

(DGm(m2)/GSm→SFm/SFr), which starts with the dense suspension fall-out (Postma et al., 491 

1988; Lang et al., 2017a, b, 2021; Winsemann et al., 2018), is typical for the final phase of the 492 

development of GLOF-related scours in subaerial conditions (Weckwerth et al., 2022). The 493 

deposition of scour infill finishes as fine-grained facies (SFm/SFr) capping the scoured 494 

riverbed, which coincides with flow being subcritical or even terminating (Carling, 2013). 495 

The third facies association represents a short sedimentary succession defined as 496 

GBm/BCm→GRl(o)→GSm, which is dominated by massive, poorly sorted, matrix-supported 497 

pebbles and granule-gravels, interpreted as mostly related to rapid deposition in turbulent gravel 498 

bedload sheets under high-energy hyperconcentrated flow (Craig, 1987; Maizels, 1993; Cronin 499 

et al., 1999; Russell and Marren, 1999; Carrivick et al., 2004; Russell, 2009; Carling, 2013; 500 

Peters and Brennand, 2020; Weckwerth et al., 2022). These conditions were interrupted by the 501 

development of up-flow migrating antidunes (facies GRl) (Fielding, 2006; Lang and 502 

Winsemann, 2013; Lang et al., 2017a, b, 2021). 503 

 504 

4.2.2.3. Scour trains 505 

Facies description 506 

The Szeszupka 1 site lies in the northern part of the SOF and within the extent of a scour train 507 

(with scour spacing ranging between 34 and 44 m) that comprises three elongated and enclosed 508 

depressions (Figs 5E and 9A, B; Table 3). The GLOF sediments forming the scour infill have 509 

a thickness of 3.8 m and form four lithofacies associations lying on pre-flood deposits, 510 

represented by moderately sorted, planar cross-stratified gravelly sands. The lowermost GLOF 511 

facies association (1 in Fig. 9; Supplementary 3) consists of horizontally or low-angle stratified 512 

sandy gravels and granules exhibiting openwork texture (GRh(o), GSh, GRl(o)). These deposits 513 

are moderately well to poorly sorted (Table 3). Lying above, the second facies association (2 in 514 

Fig. 9B–D, G) comprises massive gravels and boulders with sandy matrix (GSm) covered by 515 



poorly sorted sandy gravels and granules with crude laminae dipping downstream at low angle 516 

(facies GRl/GRh(o)), exhibiting openwork texture and wrapping around the boulder partially 517 

buried in GSm facies (Fig. 9A, G; Table 3).  518 

 The lower part of the third facies association (3 in Fig. 9) is occupied by massive gravels 519 

and boulders (GBm), while co-sets lying above are represented by concave-up gravelly scour 520 

infills (GRsc(GSsc)) and backset cross-stratified gravels (Gbl), which often exhibit openwork 521 

texture (Fig. 9C–G). The individual scour infill co-set (e.g., GBm, GRsc and SFm/SFh facies 522 

in Fig. 9C, E, F) reaches a maximum thickness of 0.9 m, ending with massive or horizontally 523 

stratified silty sands (SFm and SFh facies in Fig. 9C, F). The facies GRsc(o) have crude 524 

laminae, which are concave-up across the palaeoflow (Fig. 9D, F). Gravelly facies of scour 525 

infills are poorly, moderately and well-sorted, while overlying SFm and SFh facies are poorly 526 

sorted (Table 3). 527 

The uppermost facies association (4 in Fig. 9) mostly consists of granules exhibiting 528 

crude concave-up laminae (GRsc facies) or having massive structure (GRm, GPm, GSm/SGm). 529 

These sediments are also characterized by openwork texture or are supported by a matrix 530 

consisting of moderately sorted silty sand (Tab. 3). 531 

 532 

Facies interpretation  533 

Four phases of sedimentation, referring to sedimentary associations 1–4 (Fig. 9) under 534 

conditions of high-energy meltwater outflow to the south, are recorded at the Szeszupka 1 site. 535 

The first and the second phase of sediment deposition refer to the rising stage of a GLOF (Fig. 536 

9B). The first phase (facies association GSh, GRh(o), GRl(o), GSh) represents upper-stage 537 

plane-bed development with superimposed diminished dunes (Røe, 1987). During the second 538 

phase (facies association 2), partially buried boulders formed a lateral depression in a wake and 539 

riverbed scour as a result of the development of a relatively small horseshoe-vortex system 540 

(Meinsen et al., 2011; Schlömer et al., 2021). Subsequently, lateral scours were infilled by 541 



normally graded pebbles and granules with openwork texture (facies GRl(o) in Fig. 9E) as a 542 

result of hydraulic clast-size segregation (Carling, 1984, 1990; Lunt and Bridge, 2007; 543 

Schlömer et al., 2021) associated with a flow over submerged boulder tops (Carling et al., 2002; 544 

Alexander and Cooker, 2016). In general, the upward coarsening sediment deposition from 545 

facies association 1 to 2 was accompanied by irregular sediment sorting processes.  546 

The third phase of sedimentary succession is represented by facies association 3 and 547 

interpreted as a deposition during the flood peak or near-peak conditions (Fig. 9B) (see Russel, 548 

2007; Cartigny et al., 2014; Lang et al., 2017a, b). The clustered boulder-gravel facies (GBm 549 

in Fig. 9A, C) indicates the bases of scouring processes, confirming also the turbulent nature of 550 

flow (Kostic et al., 2010; Russel and Knudsen, 1990, 2002a, b; Winsemann et al., 2009; 551 

Cartigny et al., 2014; Lang et al., 2017b, 2021; Slootman and Cartigny, 2020), while the 552 

amalgamated and stacked scour infills, which are characterised by laminae dipping upstream 553 

(Gbl facies) or symmetrically infilling the troughs (GRsc and GPsc facies), correspond to 554 

repeated phases of scouring in zones of strong vortices followed by deposition in zones of 555 

hydraulic jumps. Such processes are associated with cyclic steps or the development of chute-556 

and-pools (Alexander et al., 2001; Russell and Arnott, 2003; Duller et al., 2008; Cartigny et al., 557 

2014; Lang et al., 2017a, b). 558 

The fourth phase refers to the waning flow stage and final scour infill under conditions 559 

of high-concentration suspension fall-out and accumulation of sheets of matrix-supported and 560 

poorly sorted gravels or it is indicative of hyperconcentrated flows and rapid deposition (Fig. 561 

9B) (Maizels, 1993; Costa, 1984; Russell and Knudsen, 1990, 1999; Rushmer, 2006; Russell, 562 

2009; Peters and Brennand, 2020).  563 

 564 

4.2.2.4. Small-scale pendant bars 565 

Facies description 566 



The sedimentary succession of a pendant bar occurring downstream of a residual hummock 567 

(Fig. 5F) was recognised in the Szeszupka 2 site, where two facies associations were 568 

distinguished (1 and 2 in Fig. 10; Supplementary 4). The first facies association (Gsc(o), GSm, 569 

Ss/Sh) is dominated by scoured medium gravels of thickness greater than 0.8 m with crude 570 

wavy laminae dipping downstream (facies association 1 in Fig. 10A–D).  These gravels are 571 

moderately and very well sorted, displaying openwork texture. Two thin (up to 0.4 m) and 572 

discontinuous facies lie above and are represented by massive and poorly sorted gravels and 573 

boulders with sandy matrix (GSm) covered by poorly sorted sinusoidally or horizontally 574 

stratified, sandy medium gravels (SGs/SGh). 575 

 The second facies association is complex (facies GRm/GSm, GBm, Sl/Sh, GS/GRsc, 576 

SFm, Sm, SFm) and has an overall thickness up to 1.8 m (2 in Fig. 10), which corresponds with 577 

the height of the pendant bar located on the downstream side of an elongated ridge (Fig. 5F). 578 

The dominant facies are massive, poorly sorted and represented by fine gravels with admixture 579 

of boulders and with sandy matrix (GRm/GSm and GBm facies in Fig. 10). These sediments 580 

are interbedded by facies of scoured sandy gravels (GS/GRsc) or low-angle and horizontally 581 

stratified, slightly gravelly sands (SGh and SGl facies), which are moderately sorted. The upper 582 

part of the second facies association comprises very fine sandy, very coarse silt and fine sands, 583 

which are slightly very fine gravelly and have admixture of very fine silt. These sediments form 584 

SFm and Sm facies, which are of massive structure (Fig. 10A, B, G). 585 

 586 

Facies interpretation 587 

The development of the small-scale pendant bar was controlled by changes in the morphology 588 

of the outburst fan surface during the waning flood stage and relates to intense turbulence that 589 

led to pool scouring followed by two-stage deposition. The scouring processes were associated 590 

with the hydraulic jump zone located downstream of the elongated ridges (Komar, 1983; 591 

Meinsen et al., 2011). The first stage of deposition resulted in trough infilling by gravels with 592 



convex-up and downstream-dipping laminae (Fielding, 2006; Duller et al., 2008; Cartigny et 593 

al., 2011, 2014; Lang and Winseman, 2013). The intensive outwash of a fine fraction under the 594 

condition of a Froude-supercritical flow regime caused the dominance of openwork texture 595 

(Carling, 1984, 1990; Lunt and Bridge, 2007; Slootman and Cartigny, 2020). The length and 596 

morphology of the distal portion of the submerged elongated ridge were constantly modified 597 

due to flow acceleration, causing upstream migration of the scour. Progressive scour 598 

displacement allowed the development of a reattachment zone in the near wake, where the 599 

second stage of deposition occurred (Sutton and Neuman, 2008; Neuman et al., 2013; Lekkala 600 

et al., 2022). The thickness of facies association 2 (Fig. 10) refers to the bar height, and hence 601 

constitutes the main sediment body of the pendant bar, documenting its development in the near 602 

wake (second stage of deposition). The deposition of facies GRm/GSm, GBm points to the 603 

unstable structure of the secondary flows, which changed from the supercritical flow 604 

sufficiently for sand to separate from gravels to the suspension fall-out and accumulation of 605 

sheets comprising matrix-supported, poorly sorted gravels (Craig, 1987; Maizels, 1993; 606 

Rushmer, 2006; Hornung et al., 2007; Russell, 2009; Carling, 2013; Peters and Brennand, 607 

2020). The abrupt changes in flow competence concerned the less energetic conditions and 608 

more fluid flows when sandy upper plane bed or up-flow migrating antidunes (Sl/Sh facies) or 609 

even scours in the zones of hydraulic jumps (facies GSsc/GRsc(o)) were formed (Figs 10A, B) 610 

(Fielding, 2006; Lang and Winsemann, 2013; Lang et al., 2021). Finally, fine-grained sediments 611 

of massive structure (SFm, Sm facies) topped the pendant bar when the flow rate declined 612 

(Russel et al., 2003; Carling, 2013). 613 

 614 

4.2.2.5. Small-scale chute bars  615 

Facies description 616 

At the Bachanowo 3 site, sedimentary unit U1 consists of two facies associations (1 and 2 in 617 

Fig. 11A; Supplementary 5), followed by unit U2, both separated by erosional contact. The first 618 



facies association in unit U1 is represented by scoured, very fine gravelly, coarse sands, which 619 

are poorly sorted (1 in Fig. 11A). These sediments are covered by a facies association 620 

comprising three sedimentary rhythms (2 in Fig. 10A). The first of them (GSs/Ss, GRh(o)) has 621 

a thickness up to 1.4 m. Here, the lower facies (laminae) are represented by gravels with massive 622 

or stratified sandy matrix, clast supported, while the upper facies are composed of sands or 623 

granules with openwork texture. In general, these poorly and very poorly sorted sediments 624 

forming an upward coarsening sedimentary succession with laminae representing sheet-like 625 

beds dipping downstream at a low angle (10–12°) (Fig. 10A, B). Their primary stratification is 626 

deformed by normal faults dipping also downstream at 13–64°. 627 

 The second sedimentary rhythm (GRs(o)/SGs) comprises sinusoidally stratified, 628 

normally graded granules with openwork texture (lower layer) and sands with admixture of 629 

gravels, clast supported (upper layer), and both discontinue but without gravitational 630 

deformations. The bounding surfaces of this rhythm dip downstream at 8° (Fig. 11A, C). These 631 

sediments represent an upward coarsening succession, with sorting that changes from poor to 632 

very poor. 633 

 The third sedimentary rhythm has a 1.5-m thickness and is characterised by sheet-like 634 

sandy beds dipping downstream at 8–10°, in which the sedimentary succession displays 635 

changes in stratification type, from horizontal to sinuous (SGh/Sh/Ss→SGs/Ss) (Fig. 11A, D–636 

E). These sediments progressively grade upward, from very fine gravelly medium sand, poorly 637 

sorted at the base, throughout medium gravelly fine or medium sands, into moderately sorted 638 

slightly very fine gravelly fine sand (facies SGs/Ss). Moreover, redeposited soft-sediment clasts 639 

(rip-up clasts) consisting of glacial till are noted, above which Ss facies occurs (Fig. 11A, E).  640 

 The succession of three rhythms in the Bachanowo 3 site is capped by facies association 641 

GSm, Sm, constituting sedimentary unit U2 of a thickness up to 0.9 m (Fig. 11A, F). Its lower 642 

member is massive, poorly to very poorly sorted medium gravels with sandy matrix (GSm 643 



facies; 14.7≤d50≤15.6), while the upper one is massive and very poorly sorted, slightly gravelly, 644 

sandy mud (d50=0.05 mm).  645 

According to the pattern of radar facies recognised in the distal reach of the chute bar, 646 

the thickness of its sediments decreases from 3.6 m to 2 m over a distance of 47 m. The distal 647 

portion of the chute bar comprises radar facies characterised by very high amplitude, wavy and 648 

continuous reflections (radar facies RF5) and strong, continuous and finely densely undulated 649 

reflections (radar facies RF4), interbedded by a thin layer of RF7 characterised by planar and 650 

locally wavy noisy and moderately continuous reflections (Fig. 7B). A similar radar facies type 651 

(RF7), but comprising more continuous and wavy-dominated reflections, occurs within the 652 

extent of the chute bar and scoured channel, and has a thickness up to 2.5 m (Fig. 7B). 653 

 654 

Facies interpretation 655 

The fan-shaped, small-scale chute bar was formed after the bed scouring and followed by the 656 

deposition in hydraulic jump zones (radar facies RF2 capped by RF7 and GSsc facies in the 657 

Bachanowo 3 site, respectively). Chute bar origin refers to the three-stage vertical accretion, 658 

and each stage is represented by the rhythmically bedded gravel and sand couplets deposited 659 

by repeated flow pulses (Russel and Knudsen, 1990; Carling, 2013). At the first stage, the 660 

steady stresses were responsible for producing inversely graded gravel–sand couplets, i.e. 661 

rhythm GSs/Ss(GRh(o)) (Sallenger, 1979; Hiscott and Middleton, 1980; Lowe, 1982), and their 662 

high accumulation rate was associated with antidunes formation The identified out-sized clasts 663 

(cobble-size) suggest flow conditions above upper-stage plane beds (Russel and Knudsen, 664 

2002a, b) or, alternatively, deposition from hyperconcentrated flows (Postma et al., 1988; 665 

Russel and Knudsen, 1990, 2002a, b). Progressively, the increase in the thickness of gravelly 666 

beds at the expense of the thickness of sandy layers observed in couplets indicates a decrease 667 

in the frequency and duration of weak flows. In addition, such high-aggrading beds were 668 

deformed by downstream-dipping normal faults as a result of their dewatering. 669 



 In the second stage (sedimentary rhythm GRs(o)/SGs), the flow conditions were more 670 

stable. The crude sinusoidal stratification indicates a more fluid phase, while its openwork 671 

texture resulted from increasing flow turbulence (Carling, 1984, 1990; Lunt and Bridge, 2007; 672 

Slootman and Cartigny, 2020). Considering this, the morphology of the downstream inclined 673 

surface of the chute bar was dominated by antidunes formed under the condition of a Froude-674 

supercritical flow regime (Carling, 1984, 1990; Lunt and Bridge, 2007; Slootman and Cartigny, 675 

2020). 676 

Rhythmic bedding of normally-graded sands and fine gravels (finer than the sediments 677 

lying below) characterise the third stage in chute bar evolution. Till clasts grounded on the 678 

surface of a chute bar caused small hydraulic jumps to form (Ss facies in Fig. 11E). During the 679 

flood recession, the sand-dominated Froude-supercritical plane bed changed into small 680 

antidunes formed under pulsed outflow (succession SGh/Sh→SGs/Ss). 681 

Finally, the chute bar surface was transformed after the GLOF sedimentation (post-682 

GLOF unit U2), as a meltwater outflow was responsible for the deposition (following erosion) 683 

of gravel bedload sheets (GSm and SGm facies) topped by the fine-grained sediments of 684 

massive structure (Sm facies) as flow rate declined. The deposition of unit U2 and the reworking 685 

of the chute bar surface occurred when the Szeszupa Tunnel Valley was occupied by remnants 686 

of dead ice, which in general prevented this depression from being filled by the outwash 687 

deposits. The post-GLOF deposition of unit U2 most likely was related with the development 688 

of eskers superimposing the GCLs near Łopuchowo, as an initial phase of dead-ice topography 689 

development in the Szeszupa Tunnel Valley (Figs 2C, 12 and 13). 690 

 691 

4.2.3. The ages of the outburst fan sediments 692 

The ages of outburst fan sediments were determined for two sites documenting the internal 693 

structure of isolated scour infill (the Bachanowo 4 site: OSL samples 20011 and 20012; Fig. 694 

8A) and sedimentary succession of the chute bar (the Bachanowo 3 site: OSL samples 20009 695 



and 20010; Fig. 11A). Doses reveal a wide span between 33.1±2 Gy and 159.4±14.4 Gy 696 

(samples 21010 and 21012, respectively) along with relatively wide values of dose rates 697 

between 1.54±0.07 Gy/ka and 2.45±0.10 Gy/ka (21011 and 21010, respectively).  698 

The wide range of De’s and dose rates resulted in a wide range of mean ages between 699 

13.5±1.0 ka and 106.6±7.7 ka. The model preference (Arnold et al., 2007)   was applied, and 700 

assuming a p-value close to zero for all samples, the Central Age Model (CAM) was used, 701 

giving only slightly younger ages of between 102.3±7.8 ka and 13.2±0.9 ka. The Bachanowo 3 702 

sediment profile revealed ages of 25.5±2.5 ka and 13.2±0.9 ka – much younger than the 703 

Bachanowo 4 profile. 704 

Assuming that the dose distribution of the 21010 sample is the only one with low 705 

skewness value (σ=0.03), the age of 13.2±0.9 ka must be considered as effectively bleached 706 

and the most reliable in our dataset. This result means that the age of 13.2±0.9 ka is a reliable 707 

date for the uppermost part of the Bachanowo 3 profile. Complete bleaching of the rest of the 708 

samples (21009, ˗11 and ˗12) might be questionable and is discussed in a wider context further 709 

in the text. 710 

 711 

5. Discussion 712 

 713 

The interpretation of the geomorphological data enabled the identification two types of 714 

floodwater outlets, which evolved during the GLOF at the end of the last glaciation. Their 715 

development is presented and discussed here in the context of ice-margin behaviour and 716 

flooding events. The proposed conceptual model covers the evolution of these outlets and 717 

associated outburst fans, and it consider the flow stages of a subglacial-lake outburst flood and 718 

mutual interactions between floodwater outlets as they evolved, which also played a role in the 719 

origin of outburst fans. We also discuss factors that control the origin of small-scale bedforms 720 

on the outburst fan surface and that were inferred from both sedimentological and 721 



geomorphological data. However, one should bear in mind the limitations of the interpretations, 722 

which results from the lack of large sediment exposures and the relatively small size of the 723 

trenches, which may hamper the recognition of sedimentary structures. 724 

 725 

5.1. Types of floodwater outlets 726 

 727 

The Bachanowo Gate represents a completely preserved floodwater outlet zone (Figs 1–3). This 728 

interpretation is supported by the existence of a submarginal landforms continuum as 729 

GCLs→initial GCLs→ITZ that developed on a gradually adverse dipping subglacial bedslope 730 

and at the contact with the outburst fan apex. In the case of the SOF, the formation of 731 

supraglacial fracture outlets (the Szeszupka Gate in Fig. 12A, C) and hydraulic jacking (Roberts 732 

et al., 2000a, b; Gomez et al., 2002; Waller et al., 2001) is supported by (1) up-ice dipping of 733 

proximal margin of the Szeszupa Tunnel Valley, (2) the preservation of only the distal part of 734 

the SOF and (3) the origin of the GCLs in the Wodziłki sub-basin linked with the development 735 

of outburst terraces T2 and T3 (younger than the SOF) in the Western Spillway (Fig. 12). 736 

Considering the morphology of the submarginal zone near the SOF, floodwaters flowed up an 737 

adverse slope that exceeded the ice-surface slope by more than 4.9-, 3.2- and 2.4-times (in terms 738 

of degree angle) taking into account various values of the A coefficient in the ice-sheet surface 739 

calculation (A=1, A=1.5 and A=2, respectively; Fig. 12), which is favourable for 740 

glaciohydraulic supercooling (Alley et al., 2003; Larson et al., 2006). The supraglacial fracture 741 

forming the Szeszupka Gate had a length up to 2.3 km and was located at distances at least 1.5–742 

2 km from the terminus and aligned perpendicular to the Szeszupa Tunnel Valley axis (Fig. 743 

12A, C). In view of the jökulhlaups in Iceland, the Szeszupka Gate was probably in the form of 744 

a supraglacial depression characterised by a steep headwall and up-glacier dipping floor 745 

morphologically related to hydrofracture transformation due to changes in water pressure 746 

(Russel and Knudsen, 1999; Roberts et al., 2000b; Waller et al., 2001; Gomez et al., 2002). All 747 



in all, the SOF sediments were most likely deposited by previously supercooled meltwater flows 748 

that ascended from the base of the over-deepened, main (axial) part of the tunnel valley (the 749 

Szeszupa Tunnel Valley) via high-angled hydrofractures (cf. Roberts et al., 2000a, b, 2001; 750 

Russell et al., 2006, 2007). This interpretation means that the SOF evolved as a supraglacial 751 

outlet, while the BOF was formed when the subglacial flood was enlarged to the western flank 752 

of the Szeszupa Tunnel Valley, and when floodwater outlets were able to divert parallel to the 753 

ice front and rapidly spread across the glacier snout (cf. Gomez et al., 2000; Roberts et al., 754 

2000a, b, 2001). These processes finally caused the reduction of subglacial water pressure due 755 

to the establishment of a new outlet of subglacial floodwaters, i.e. the Bachanowo Gate (Fig. 756 

12A) (cf. Russel et al., 2010). Probably at the same time, the Szeszupa Tunnel Valley was also 757 

drained to the south by the Jeleniewo Tunnel Valley (Fig. 12A), feeding the Prudziszki Gate 758 

(Weckwerth et al., 2019; Figs 1A, B and 12).  759 

 760 

5.2. Ice-margin behaviour as a consequence of floodwater outlets development, changes 761 

in flood discharge and flooding events  762 

 763 

The GLOFs were capable of forming a subglacial channel in association with a specific lake 764 

storing meltwaters (e.g., Kirkham et al., 2022). Such a subglacial reservoir in topographically 765 

confined basins probably developed in south-western Lithuania, between Jurgežeriai, Bilvyčiai 766 

and Krasna, and meltwaters were repeatedly funnelled into the Szeszupa Tunnel Valley 767 

(Weckwerth and Wysota, 2024). These meltwater activities support the glacier bed erosion due 768 

to highly dynamic subglacial flow at a peak discharge that also covered the flanks of the 769 

Szeszupa Tunnel Valley (Fig. 12A, C).  770 

Considering the morphological data, the BOF and SOF and associated outlets (gates, 771 

portals) developed during at least two GLOFs. Initially, the Szeszupka Gate evolved first under 772 

conditions of the rising stage or even at the initial phase of peak discharge during the first GLOF 773 



(GLOF1 in Fig. 12). Its rising stage started also with erosional processes that resulted in the 774 

formation of an ice-walled gorge (canyon), providing room for fan deposition and the 775 

development of bedforms. The Szeszupka Gate represents a supraglacial fracture outlet, 776 

confirming the existence of basal water pressures in excess of the overburden pressure during 777 

the initial stages of the flood (see Roberts et al., 2000b; Waller et al., 2001; Russel et al., 2010). 778 

Such interpretation means that the Szeszupka Gate must have existed only when the Bachanowo 779 

Gate was not active, particularly because the latter is located at the lower elevation and both 780 

gates have the same subglacial feeding system (the Szeszupa Tunnel Valley) (Fig. 12). 781 

Moreover, the existence of a supraglacial fracture outlet (the Szeszupka Gate) indicates a 782 

symmetrical or even asymmetrical GLOF hydrograph with a rapid rise to peak discharge 783 

(Roberts et al., 2000b; Rushmer et al., 2002). Further confirmation of the duration of the rising 784 

flood stage being shorter than the waning one is provided by the bedforms evolved on both the 785 

SOF and the BOF during the waning flood being more diverse than during its rising phase 786 

(Maizels, 1997; Rushmer and Russel, 2002; Russel and Knudsen, 2002a, b; Russel et al., 2006). 787 

Conversely, increased erosion during the waxing stage of flow may lead to limited bedforms 788 

preservation and thus the shape of the presumable GLOF hydrograph may seem to be debatable. 789 

Moreover, the pulse-like fluctuations of the flow near the peak discharge of the GLOF1 were 790 

possible, causing repeated erosion during the development of chute-and-pools in the ITZ and 791 

on the BOF surface, which was marked by cyclically formed boulder lags in the isolated scour 792 

(Bachanowo 1 and 4 site; Figs 6 and 8A) (Kozlowski et al., 2005; Russel et al., 2006). Such 793 

fluctuation in the flood hydrograph may also reflect the formation of temporal constrictions in 794 

the subglacial drainage conduit (e.g., Clarke et al., 2004), which was possible on the western 795 

flank of the Szeszupa Tunnel Valley during the peak discharge, when the propagating hydraulic 796 

waves caused rapid temporal and spatial switching of submarginal bed erosion (Russell et al., 797 

2001; Blauvelt et al., 2020; Wells et al., 2022; Harrison et al., 2023). This process resulted in 798 



the Bachanowo Gate forming and lateral enlargement of the Szeszupa Tunnel Valley, when the 799 

outburst flood neared peak discharge (Fig. 12A) (Roberts et al., 2000a, b; Russel et al., 2006).  800 

Multi-channelized drainage evolved in the submarginal zone close to the Bachanowo 801 

Gate, reflecting the phase of subglacial flood discharge that followed the pressurised sheet flow 802 

(Shoemaker, 1992; Björnsson, 1998; Roberts et al., 2000b; Russell et al., 2006). Here, the 803 

rapidly decreased ice thickness affected the existence of the submarginal landforms continua 804 

(GCLs→initial GCLs→ITZ), which reflects the erosion ability being decreased by multi-805 

channelised subglacial meltwater (Lesemann et al., 2014), replacing multi-channelised drainage 806 

by pressurized sheet flows in the ITZ close to the Bachanowo Gate (Fig. 12A, C). The 807 

occurrence of intraclasts in the ITZ (Bachanowo 1 site; Fig. 4) confirms (1) the high-capacity 808 

drainage and erosion at the submarginal position, (2) the intense turbulence and rip-up processes 809 

of the unconsolidated and unfrozen ice-sheet bed under the ice-sheet margin (Postma et al., 810 

2009, 2014; Ito et al., 2014; Lang et al., 2017a) or (3) the existence of permafrost preventing 811 

floodwater drainage through the bed (Russell et al., 2001; Roberts et al., 2001; Lesemann et al., 812 

2010, 2014; Tylmann, 2014; Adamczyk et al., 2022). Subsequently, the sediment deposition 813 

here was unstable, according to the short-term fluctuations in flow energy as a response to 814 

pulses in water pressure (i.e., Kavanaugh and Clarke, 2000). Nevertheless, the fracturing of the 815 

glacier snout along the Bachanowo Gate was associated with the pressure of water exiting a 816 

portal within the ice and the rapid release floodwater which broke the ice blocks off (Roberts 817 

et al., 2000b, 2001; Russel et al., 2006). The existence of deformations associated with ice-818 

block degradation occur only in the intermediate zone (ITZ) at the contact with the BOF apex, 819 

but not in sedimentary successions of bedforms in more distal settings of outburst fans, and 820 

may confirm the relatively low volumes of ice blocks indicative of a sedate rising stage of the 821 

GLOF1 (see Russel et al., 2006). 822 

The second event (GLOF2; Fig. 12) was related to the formation of GCLs in the 823 

Wodziłki sub-basin that lies at a lower position than those near Łopuchowo (Figs 1, 2 and 12). 824 



This second burst was drained only through the ice portal intersecting the SOF (the inactive 825 

Bachanowo Gate), allowing the development of the Wodziłki sub-basin and terraces T2–T3 in 826 

the Western Spillway (Fig. 12B) (cf. Maizels, 1997; Russell and Knudsen, 2002a, b; Rushmer, 827 

2006). Such an interpretation allows the presumption that the bottom of the southern end of the 828 

Szeszupa Tunnel Valley was scoured by at least two bursts forming the subglacial basins and 829 

GCLs (Fig. 12A, B) (Piotrowski, 1994; Jørgensen and Sandersen, 2006; Fleisher et al., 2010; 830 

Kehew et al., 2012). 831 

 832 

5.3. Factors controlling the origin of small-scale bedforms 833 

 834 

The role of proglacial topography in the development of ice-marginal fans and proximal reaches 835 

of outwashes formed by the GLOFs has frequently been investigated in terms of sediment 836 

transportation and deposition influenced by a sediment flux and backwater level changes under 837 

confined or semi-confined settings (e.g., Russel and Knudsen, 1990, 2002a, b; Russel et al., 838 

2006). Backwater level changes were not a control in the development of the BOF and SOF, 839 

because both evolved in laterally confined settings of the proximal portion of the Western 840 

Spillway in the form of an ice-walled canyon (Figs 1C and 12A, B). The distal portions of the 841 

BOF and SOF widened because of flow radiating from the Bachanowo and Szeszupka outlets 842 

on the waning flow stage. Thus, the morphology of the outburst fans is characterised by the 843 

erosional surface with superimposed depositional bedforms developed in a laterally confined 844 

setting. Such a setting controlled the sedimentary processes in the Gígjukvísl ice-walled canyon 845 

in Iceland, but, in that case, outburst fans developed in the front of this canyon (Russell and 846 

Knudsen, 1999a, 2002b; Russel et al., 2006). Nevertheless, Russell and Knudsen (1990) 847 

highlighted proglacial trench morphology as the control on outwash sedimentology. 848 

In the case of the BOF, floodwater drained directly from the mouth of the subglacial 849 

channel onto the fan surface, the width of which increases downstream (Figs 1, 2 and 12A). Its 850 



two morphological levels are associated with different flow stages (Figs 3 and 12). The elevated 851 

and concave-up proximal zone reflects the prevailing rising stage, while the lowered distal zone, 852 

with uniform surface gradient as in the case of the SOF surface (Fig. 12), represents the waning 853 

stage and processes of flow channelisation and fan surface dissection (falling-stage-dominated 854 

fan; cf. Russel and Knudsen, 2009a, b; Russel et al., 2006). Moreover, the narrow proximal 855 

zone of the BOF is dominated by the erosional downstream-elongated ridges (residual 856 

hummocks) and occasional scours, while the wide distal zones of both fans stand out for 857 

downstream decreasing in number of residual hummocks and scours and abundance of pendant 858 

bars, distributive channels and chute bars (Figs 2, 4, 13 and 14). Such changes in proximal–859 

distal bedform types and associated lithofacies (landform–sediment continuum; cf. Wells et al., 860 

2022) on an outburst fan surface in a laterally confined setting is observed regardless of the 861 

feeding systems of the outburst fans at the submarginal position (multichannelised subglacial 862 

flow and up-ice dipping fractures for the supraglacial outlet for the BOF and SOF, respectively; 863 

Fig. 12A, C). 864 

Sedimentary processes and bedform origins on outburst fan surfaces are usually 865 

associated with fluctuations in meltwater discharge and changes in sediment supply (Russel and 866 

Knudsen, 1990, 2002a, b; Russel, et al., 2006; Harrison et al., 2023). The existence of well-867 

developed GCLs, an over-deepened distal part of the Szeszupa Tunnel Valley and the 868 

development of a proglacial trench (ice-walled canyon) laterally confining outburst fans 869 

indicate highly effective subglacial and proglacial erosion causing high sediment concentration 870 

of the GLOF. Intraclasts identified in submarginal and proglacial settings suggest erosional 871 

processes whether at rising or waning stage (Russel, et al. 2006). However, downstream 872 

decreasing in the peak discharge or changes in the flow stages, over time influencing the 873 

sedimentary environment, resulted in the development of bedforms and a sediment continuum 874 

on the outburst fans (Figs 13 and 14; Table 3).  875 

 876 



5.4. Sedimentary processes in bedform origins 877 

 878 

Processes of erosion, transportation and sediment deposition controlled by the morphology of 879 

the ice-walled canyon, downstream distance from floodwater outlet and flow stages all play a 880 

crucial role in bedforms development and their spatial (downstream) distribution on the surface 881 

of an outburst flood fan (Russell et al., 2006; Marren and Shuh, 2009; Winsemann et al., 2011, 882 

2016, 2018; Carling, 2013; Lang and Winsemann, 2013; Weckwerth et al., 2019, 2022; Lang 883 

et al., 2021; Wells et al., 2022). The recognised landform–sediment continuum on an outburst 884 

fan surface in a laterally confined setting, comprising proximal and distal fan zones, starts with 885 

the development of streamlined erosional residuals, scours and their trains and, finally, small-886 

scale pendant bars, distributive channels with erosional bars and small-scale chute bars (Table 887 

3; Figs 13 and 14). 888 

 889 

5.4.1. Downstream-elongated ridges 890 

Downstream-elongated ridges (streamlined erosional residuals) are considered as diagnostic for 891 

glacial lake-outburst floods (Baker, 1973; Kehew and Lord, 1986; Lord and Kehew, 1987; 892 

Maizels, 1991; Kehew, 1993; Kozlowski et al., 2005; Benn et al., 2006; Wells et al., 2022). 893 

These ridges recognised on the BOF and SOF represent (1) equilibrium residual hummocks, 894 

the morphology of which was adjusted to minimise resistance to flow in the proximal zone of 895 

the outburst fan (Baker, 1978; Komar, 1983, 1984; Kehew and Lord, 1986; Benito, 1997) and 896 

(2) erosional bars comprising vertically accreted GLOF sediments but finally shaped under 897 

conditions of waning floodwater outflow in distal fan (Maizels, 1997; Benn et al., 2006). Both 898 

types of downstream-elongated ridges are characterised by usually higher values of the aspect 899 

ratio (average 5.8 and 5.5 for the BOF and SOF, respectively) than streamlined hills recognised 900 

in NW Germany (average 3.3) (Meinsen et al., 2011). Considering the results of earlier studies 901 

showing that the aspect ratio between 3 and 4 refers to streamlined bedforms providing the least 902 



amount of resistance to the water that formed them (Baker, 1978; Komar, 1983), it cannot be 903 

ruled out that the high values of this ratio for the BOF and SOF reflect processes of post-GLOF 904 

fluvial reworking (Fig. 14B). Such water activity was recognised for chute bar transformation 905 

(unit U2 in Bachanowo 3 site; Fig. 11A, F). Nevertheless, well-streamlined bedforms may 906 

indicate continuous long-term flooding (Kehew et al., 2009), and, before post-flood reworking, 907 

formation under submerged flow conditions because they represent the smallest and highly 908 

elongated features (cf. Meinsen et al., 2011). 909 

The equilibrium residual hummocks in the proximal fan refer to the onset and rising 910 

flood stage (Fig 14A) when the increasing discharge was powerful enough to form a proglacial 911 

trench and to scour an unconsolidated substrate under high discharge conditions. The existence 912 

of such hummocks in the BOF proximal zone affected flow separation until the very end of the 913 

flood and shallow channelisation under lower energy conditions (see Benito, 1997). As an 914 

effect, during the final stage of streamlined features development, these acquired a high value 915 

of the length/width ratio (average 5.8 and 5.5 for the BOF and SOF, respectively) (cf. Komar, 916 

1984; Benito, 1997).  917 

In the distal zone of both fans, downstream-elongated ridges are interpreted as erosional 918 

bars (Fig. 14A, B). Here, the lack of one major incised channel suggests high sediment flux 919 

confirmed also by the openwork texture commonly characterising the distal fan scour infills in 920 

the Bachanowo 4 and Szeszupka 1 sites (cf. Russell and Knudsen, 1999, 2002a, b; Fay, 2002; 921 

Russell et al., 2006). Moreover, the uniform surface gradient indicates the waning flow stage 922 

and its characteristic fan morphology with a complex system of downstream-elongated ridges.  923 

 924 

5.4.2. Isolated scours and their trains 925 

Processes forming isolated scours on the BOF and SOF surfaces represent pulses of floodwater 926 

outflow neared peak discharge (Kozlowski et al., 2005; Russel et al., 2006; Cartigny et al., 927 

2011, 2014; Lang and Winseman, 2013; Lang et al., 2017a, b, 2021; Weckwerth et al., 2022). 928 



These bedforms represent chute-and-pools, and their repeated development (Russell and 929 

Arnott, 2003; Winsemann et al., 2009; Cartigny et al., 2014; Lang et al., 2017b, 2021) 930 

comprised riverbed erosion and boulder lag formation followed by successive scour infill 931 

(Maizels, 1993; Russell and Marren, 1999; Rushmer et al., 2002; Carrivick et al., 2004; 932 

Hornung et al., 2007; Carling, 2013; Peters and Brennand, 2020). The repeated phases of such 933 

processes denote a more fluid environment, in which sedimentation occurred as a result of 934 

progressive decline in discharge (Hansen et al., 2020; Weckwerth et al., 2022). As a result, the 935 

depression in the scoured riverbed was infilled by sediments as the flow regime changed from 936 

supercritical-flow-related sedimentation (antidunes and humpback dunes) to subcritical 937 

(ripples) (Carling, 2013). 938 

 Furthermore, scours form linear clusters on the fan surfaces and are interpreted as a 939 

result of upstream-migrating cyclic steps with hydraulic jumps in the intervening troughs (e.g., 940 

Lang et al., 2017b, 2021; Slootman and Carigny, 2020; Weckwerth et al., 2022). The initial 941 

conditions favourable for their development include (1) the proglacial trench (or ice-walled 942 

canyon) laterally confining both the BOF and SOF, which encourage different types of cyclic 943 

steps (Strong and Paola, 2008; Winsemann et al., 2011, 2018; Muto et al., 2012; Kostic et al., 944 

2019), (2) rapid changes in initial slope occurring between the glacier snout where supraglacial 945 

floodwater outlet existed (the Szeszupka Gate) and its forefield and (3) flow perturbation caused 946 

by small-amplitude humpback, diminished dunes or bed obstacles (e.g., partly buried boulder 947 

or older scours; cf. sedimentary succession in the Szeszupka 1 site; Fig. 9) (Lang and Winseman 948 

2013; Cartigny et al., 2014; Lang et al., 2017b, 2021; Slootman and Carigny, 2020; Weckwerth 949 

et al., 2022). Taking into account the above-mentioned conditions, linear cluster of scours 950 

floored by gravels and boulders (GBm facies in Fig. 7C, E, G) and superimposed facies 951 

represent progradational scours infills in the zones of hydraulic jumps under conditions of rising 952 

flow stage or peak discharge (Maizels, 1993, 1995; Russell and Knudsen, 2002b; Russell et al., 953 

2006). All in all, the topography-controlled occurrence of scour-and-fill events resulted in the 954 



development of cyclic steps (e.g., Lang et al., 2017b, 2021; Slootman and Carigny, 2020). These 955 

indicate widespread surficial scouring as was reported for Icelandic jökulhlaup fans developed 956 

in the front of an ice-walled canyon, which were subjected to high sediment flux on the rising 957 

and falling flow stage (Rushmer et al., 2002; Russell and Knudsen, 2002b; Russell et al., 2006). 958 

 959 

5.4.3. Small-scale bar formation 960 

The development of depositional features on the GLOFs surfaces was associated with changes 961 

in the morphology of floodwater subglacial routeways, which finally affected the changes in 962 

the flow pattern (e.g., Baker, 1973; Russell, 1992, 2007; Benito, 1997; Maizels, 1997; Russell 963 

et al., 2000, 2006; Carling et al., 2009b; Carling, 2013; Hanson and Clague, 2016). Thus, the 964 

transformation of the outburst fan surface by floodwater erosive impact at the rising stage and 965 

during the peak discharge created at first the accommodation space, the geometry of which 966 

together with the following progressive decrease in flow energy determined the sedimentary 967 

processes responsible for the development of bars at the waning stage.  968 

 Small-scale pendant bars represent depositional features considered to be evidence for 969 

GLOFs and are typical for scabland channels (Malde, 1968; Baker, 1978; Benito, 1997; Kehew 970 

et al., 2009; Høgaas and Longva, 2016). These features correspond in shape and location to tails 971 

formed at the downstream end of streamlined hills and developed under submerged flow 972 

conditions and during waning flows (Komar, 1983; Meinsen et al., 2011). Moreover, the origin 973 

of small-scale pendants is attributed to the transition between steep and confined segments and 974 

wide reaches of spillways (O’Connor, 1993; Kozlowski et al., 2005; Baker, 2009; Carling et 975 

al., 2009b; Marren and Schuh, 2009; Carling, 2013; Winsemann et al., 2016), where the local 976 

bed topography and the spillway morphology generated flow patterns that led to deposition. 977 

Such conditions occurred more frequently in the distal zone of the BOF and SOF as an effect 978 

of erosion decreasing and being replaced with a deposition tendency at the waning stage. Taking 979 

into consideration the SOF and BOF location and morphology, the pendant bars identified here 980 



represent small-scale features placed on the lee side of elongated ridges that formed flow 981 

obstacles (cf. Meinsen et al., 2011; Høgaas and Longva, 2016). As a result of distal scouring of 982 

lee-side wake vortices (Krzyszkowski, 2002), pendant bars on the outburst fan surfaces 983 

developed in deeper areas located just downstream of flow obstacles (Figs 4 and 14). Hence, 984 

the  formation of scours on the lee-side of elongated ridges can be assumed as favourable 985 

conditions prone to unstable deposition characterised by abrupt changes in flow competence as 986 

the bed morphology changed abruptly between gravelly bed sheets, sandy upper plane bed, 987 

antidunes and scours formed in the zones of hydraulic jumps (see Komar, 1983; Meinsen et al., 988 

2011). Similar variable or changing flow conditions at the downstream end of the bar were 989 

typical for pendant bar development, but small-scale pendant bars do not comprise large-scale 990 

planar cross-stratified poorly sorted gravels (cf. O’Connor, 1993; Winseman et al., 2016), 991 

which were recognised in the chute bar located on the BOF surface (Figs 5 and 10). 992 

The formation of small-scale chute bars was limited to the zones where flows opened 993 

out from the channels separating the downstream elongated ridges at the very end of waning 994 

stage flows (Russell et al., 2000, 2006; Russell, 2007). The duration of meltwater waning flow 995 

controlled both the intensity of channel incision and, simultaneously, accumulation in zones 996 

where floodwater decelerated as it flowed out of a constriction and expanded to the channel 997 

widening, forming lobate bars (Shakesby, 1985; Elfström, 1987; Russell, 1993, 2007). These 998 

features represent short-lived deposition of fining-upward successions (Fig. 11) under 999 

conditions of pulsed and progressive reduction in the flow energy under Froude-supercritical 1000 

flow conditions (Russel and Knudsen, 1990). The sedimentary rhythms forming chute bar 1001 

succession confirm high-concentration flow depositing via traction carpets (Nemec and 1002 

Muszyński, 1982; Carling, 2013).    1003 

 1004 

5.5. OSL age determination for outburst fan sediments 1005 

 1006 



Two dated profiles reveal age consistency, where the result of 64.4±6.3 ka postdates 102.3±7.8 1007 

ka in profile Bachanowo 4 (sediments deposited at the final phase of scour infill, waning stage; 1008 

Fig. 8A), and 13.2±0.9 ka postdates 25.5±2.5 ka in Bachanowo 3 (Fig. 11A). From a sediment 1009 

perspective, the youngest date of 13.2±0.9 ka likely marks a separate event (sedimentary unit 1010 

U2), related with “normal” meltwater outflow. This result is considered reliable from a 1011 

technical perspective, because of its nearly symmetrical dose distribution (Sk=0.03) and the 1012 

lowest overdispersion (OD=25%±5%) among samples. From a regional perspective it seems 1013 

reliable, because it is supported by the fact that topped post-GLOF sediments deposited at 1014 

13.2±0.9 ka overlap with the youngest cosmogenic 36Cl-exposure age of 14.4±1.0 ka noted for 1015 

similar geomorphological setting (Dzierżek and Zreda, 2007; Rinterknecht et al., 2005, 2006, 1016 

2008) and sediments of an episodic flow at the margin of the adjacent Lipowo palaeolake 1017 

(Rychel et al., 2023). Our result further postdates the uppermost sedimentary unit comprising 1018 

glaciogenic deposits in the adjacent Osinki key site dated back to ~15.3–15.0 ka (W. Wysota, 1019 

personal communication, 2024), along with deposition of sediments forming the GLOF-related 1020 

megadunes, which took place between 16.9±0.9 ka and 18.8±1.3 ka (sites located south of 1021 

Bachanowo, south of Suwałki), according to the newest study (E. Kalińska, personal 1022 

communication, 2024). 1023 

The age of chute bar sediments on the BOF surface (25.5±2.5 ka; Fig. 11) is slightly 1024 

older than expected, and they include some quartz particles that had not experienced proper 1025 

bleaching. According to Duller et al. (2008), checking the aliquot distribution in small aliquot 1026 

samples (as in this study) helps in distinguishing proper sediment bleaching. A relatively large 1027 

dose skewness of 0.63 for the 21009 (25.5±2.5 ka; Fig. 11) agrees with this statement. 1028 

Rejuvenating this age by a minimal age model, an age of 12.7±1.1 ka is obtained, but the low 1029 

probability value hampers its usage (Table 2).  1030 



The oldest two samples representing isolated scour infills (64.4±6.3 ka and 102.3±7.8 1031 

ka; Fig. 8A) carry a significant skewness value of their dose distribution too, and thus their 1032 

sediment, too, may be not bleached. 1033 

 1034 

6. Conclusions 1035 

 1036 

Two outburst fans in the Suwałki Lakeland, north-eastern Poland originate from a sudden 1037 

release of meltwater from two types of outlets. The morphology of the ice-contact outwash fans 1038 

is highly varied, depending upon floodwater outlet types and pre-GLOF proglacial topography. 1039 

The rising stage and peak discharge caused the erosional processes to predominate, resulting in 1040 

ice-walled canyon formation, which provided room for fan deposition and bedform 1041 

development during the flood waning. All the above led to the outburst fans’ morphology being 1042 

characterised by the occurrence of an erosional surface with superimposed depositional 1043 

bedforms developed in a laterally confined setting. 1044 

The supraglacial outlet (the Szeszupka Gate) developed first and was related with 1045 

glaciohydraulic supercooling and hydrofracturing during the rising stage of meltwater burst 1046 

(GLOF1) at the southern end of the Szeszupa Tunnel Valley. The associated Szeszupka outburst 1047 

fan was preserved as only the distal zone of such a feature because the proximal reach existed 1048 

on the ice-sheet snout due to supraglacial outflow feeding this fan. The Bachanowo outburst 1049 

fan and the Bachanowo Gate were formed due to subglacial multi-channelised meltwater burst 1050 

(GLOF1) and started to exist during the pulsed peak discharge, being finally transformed during 1051 

the flood waning stage. Such processes were associated with the widening of floodwater 1052 

subglacial routeways, causing deactivation of the supraglacial outlet when floodwater outlets 1053 

can divert parallel to the ice front and rapidly spread across the glacier snout. These 1054 

observations lead to the conclusion that, during GLOF1, two outburst fans developed, though 1055 



asynchronously (corresponding to two different stages of the flood). Further surface 1056 

transformation of the Szeszupka fan took place during GLOF 2. 1057 

GLOF-related small-scale bedforms could form continua in terms of their spatial 1058 

(downstream) and temporal changes in sedimentary environment, referring to the sediment flux, 1059 

flood magnitude and its rising or falling stages. During the flood, at submarginal position, there 1060 

evolved a landform continuum of GCLs→initial GCLs→ITZ, displaying an erosion ability that 1061 

was being decreased by channelised subglacial meltwater and replaced by pressurised sheet 1062 

flows close to the floodwater outlet. The small-scale bedforms continuum on the outburst fan 1063 

surface is associated with the progressive development of streamlined erosional residuals, 1064 

scours and their trains during the rising stage and peak discharge, while the waning stage and 1065 

very end of flood conditions were favourable to the formation of pendant bars, distributive 1066 

channels with erosional bars and chute bars, regardless of the feeding systems of the outburst 1067 

fans, i.e. channelised subglacial flow for the BOF and up-ice dipping fractures for the 1068 

supraglacial outlet for the SOF. 1069 

The results of OSL dating of outburst fan sediments reveal a limited sediment exposure 1070 

to the sunlight while deposited, for example in deep floodwater outflow and/or sediment 1071 

concentration in the water column, and even during the waning stage. Thus, the flood age 1072 

determination as older than 13.2 ka, based on the age of sediment topping the flood-related 1073 

features, seems to be the most reliable. 1074 
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Figure captions: 1600 

Fig. 1. A – morphology and regional units of the study area in north-eastern Poland (after 1601 

Solon et al., 2018); B – landforms origin in the Megaflood Landform System (after 1602 

Weckwerth et al., 2019, modified); C – simplified model of sedimentary environment 1603 

showing the major elements of Megaflood Landform System in submarginal and 1604 

proglacial settings; D – morphology of marginal zone with the floodwater outlets (gates, 1605 

ice portals) and outburst fans near Bachanowo and Szeszupka; E – geomorphological 1606 

map of the southern part of the Szeszupa Tunnel Valley and marginal zone associated 1607 

with the Bachanowo and Szeszupka Outburst Fans development. 1608 

Fig. 2. A and B – morphology of the Bachanowo and Szeszupka Outburst Fans; C and D –1609 

GLOF-related features in proximal part of the Western Spillway and at the submarginal 1610 

position (white arrows – local directions of proglacial floodwater outflow; for legend see 1611 

Fig. 1). 1612 

Fig. 3. Longitudinal cross profiles showing morphology of the BOF (A) and SOF (B) and 1613 

landforms developed at submarginal position. 1614 

Fig. 4. A – landscape morphology of the BOF apex and ice-front position during the GLOF; B 1615 

– landforms origin in the area of the Bachanowo Gate (for legend see Fig. 1); C – 1616 

streamlined residual hummocks separated by distributive channels in the proximal zone 1617 

of the BOF; D – sediments forming the residual hummock in the Bachanowo 2 site (site 1618 

location in panels A and B, and in Fig. 2C). 1619 

Fig. 5. Morphology of small-scale bedforms originated from GLOFs in the areas of analysed 1620 

key sites at submarginal position (B1 – Bachanowo 1 site) and in proximal and distal 1621 

zones of the BOF and SOF. The genetic types of bedforms were distinguished on the 1622 

basis of their morphology, location and spatial relationships, considering the sedimentary 1623 



successions recognised in the key sites. (B2-4 - Bachanowo 2-4 sites; S1-2 - Szeszupka 1-1624 

2 sites) (iGCL - initial GCL ridges; rh - residual hummocks; eb - erosional bars; pb - 1625 

pendant bars; sc - scours; sct - scour trains; ch - channels; cb - chute bars; kh - kettle 1626 

holes). 1627 

Fig. 6. Sedimentary succession in the Bachanowo 1 site (1-10 – deformed sediments in unit 1628 

U3: 1 – massive  well-sorted gravels with openwork texture and boulder lags in the 1629 

bottom part, 2 – clast-supported massive boulders and gravels with sandy matrix forming 1630 

the gravifossum bottom, 3 – fine-grained sands with ripple cross-lamination or 1631 

horizontally stratified deformed by shear folds and reverse or normal microfaults; 4 – 1632 

crude stratified sands with admixture of gravels deformed by reverse faults, 5 – fine-1633 

grained sands and silts forming diapir-like structure deformed due to lateral pressure 1634 

exerted by the weight of the slumped till clasts (8), 6 – massive gravels and sands in the 1635 

upper part of diapir-like structure, 7 – horizontally laminated fine-grained sands and silts 1636 

deformed by reverse microfaults at the contact with till clasts, 8 – large-scale clasts of 1637 

diamicton (till); 9 – massive sands with gravels with crude stratification or gravels with 1638 

openwork texture, deformed by normal faults and folds; ruc – rip-up clasts; mss1 and 1639 

mss2 – major slip surfaces 1 and 2; ds – diapir-like structure;  hs – horst structure; gf – 1640 

gravifossum). 1641 

Fig. 7. Radargrams A-A’ and B-B’ and their interpretation: A – radar profile across proximal 1642 

zone of the BOF (for location see Fig. 4B); B – radar profile across distal zone of the 1643 

BOF (for location see Fig. 5C) (1 – radar facies RF1: low amplitude, sparse, chaotic and 1644 

incoherent reflections, 2 – radar facies RF2: low amplitude, planar or wavy reflections, 3 1645 

– radar facies RF3: continuous and planar reflections, 4 – radar facies RF4: strong, 1646 

continuous and finely dense undulated reflections, 5 – radar facies RF5: very high 1647 

amplitude, wavy and continuous reflections, 6 – radar facies RF6: low amplitude and 1648 

locally noisy reflections, 7 – radar facies RF7: low and moderate, continuous reflections). 1649 



Fig. 8. Sediments of isolated scour in the Bachanowo 4 site (site location in Figs 2C and 5D): 1650 

A and B – lithofacies associations 1-3 recognised in profiles 1 and 2 at the Bachanowo 4 1651 

site (red circles – OSL samples and their lab numbers); C – upper member of the first 1652 

scour infill sedimentary succession capped by gravelly lag of the second scour infill; D – 1653 

crude concave-up cross-stratification with openwork texture as a main sediment body of 1654 

the scour infill; E – second and complete scour infill sedimentary succession 1655 

(GBm→GRsc/GPsc(o)→DGm(m2)/GSm→SFm/SFr); F – low-angle and sinusoidal 1656 

cross-stratified granules with openwork texture interpreted as sediments of upstream 1657 

migrating antidunes. 1658 

Fig. 9. Sediments deposited in the zone of scour train in the Szeszupka 1 site (site location in 1659 

Figs 2D and 5E): A – scour train morphology and the Szeszupka 1 site location; B – 1660 

scour train morphology and presumed sedimentary successions related with flow stages; 1661 

C and D – lithofacies associations 1–4 recognised in profiles 1 and 2 at the Szeszupka 1 1662 

site; E and F – concentric and concave-up gravelly scour infills (facies GRsc(o)/GSsc); G 1663 

- facies association 2 (related with rising flow stage), interpreted as sediments of lateral 1664 

scours associated with submerged and partly grounded boulder. 1665 

Fig. 10. Sedimentary succession of a pendant bar identified in the Szeszupka 2 site: A and B 1666 

lithofacies associations 1-2 recognised in profiles 1 and 2 at the Szeszupka 2 site; C-E – 1667 

sedimentary succession Gsc(o)→GSm→Ss/Sh recording scour development associated 1668 

with the hydraulic jump zone (migrating upstream), located downstream of the elongated 1669 

ridges infill; F-G – sediments of pendant bar deposited in the near wake under conditions 1670 

of unstable structure of the secondary flows and abrupt changes in the flow competence. 1671 

Fig. 11. Sedimentary successions of small-scale chute bar recognised in the Bachanowo 3 site: 1672 

A - sedimentary units U1 and U2 separated by erosional contact (red circles – OSL 1673 

samples and their lab numbers); B - upward coarsening succession of sedimentary rhythm 1674 



GSs/Ss, GRh(o) with lower gravelly laminae and upper composed of sands with 1675 

admixture of granules or granules with openwork texture, deformed by the normal faults; 1676 

C – the second sedimentary rhythm GRs(o)/SGs comprising sinusoidal stratified granules 1677 

with openwork texture (lower layer) and sands with admixture of gravels (upper layer); D 1678 

and E – the third sedimentary rhythm characterised by sheet-like sandy beds dipping 1679 

downstream and changes in stratification type, from horizontal to sinuous 1680 

(SGh/Sh→SGs/Ss); F – sedimentary unit U2 with facies association GSm, Sm 1681 

representing the post-GLOF deposition. 1682 

Fig. 12. A and B – spatial and temporal changes in englacial feeding system at submarginal 1683 

position influencing floodwater outlets and outburst fans development during GLOF1 (A) 1684 

and their transformation during GLOF2 (B); C – two types of floodwater drainage and 1685 

linked subglacial morphology as factors controlling the development of different 1686 

floodwater outlets (αB1-3 and αS1-3 – ice-surface slope for BOF and SOF respectively; βB1-1687 

3 and βS1-3 for BOF and SOF, respectively – adverse subglacial slope; A – coefficient in 1688 

the ice-sheet surface calculation based on formulas proposed by Paterson (1994) and 1689 

Piotrowski and Tulaczyk (1999). 1690 

Fig. 13. Conceptual model showing the development of various floodwater outlets, associated 1691 

outburst fans and their small-scale bedforms origin in response to the GLOF stages and 1692 

changes in the englacial feeding system. 1693 

Fig. 14. Spatio-temporal model of small-scale bedforms on the outburst fan surface and two 1694 

types of floodwater outlets developed in relation with GLOF stages (A) and conceptual 1695 

illustration of conditions and processes forming small scale bedforms on outburst fan 1696 

surface (B). 1697 

 1698 

Table captions: 1699 



Table 1. Lithofacies codes used for recording the sediments lithology and structure (textural 1700 

symbols: grain size classes according to the GRADISTAT software (after Blott and Pye, 1701 

2001), in brackets sediment classes proposed by Wentworth (1922) (granules and 1702 

pebbles) and Friedman and Sanders (1978) (cobbles); for lithofacies interpretation see 1703 

Table 3). 1704 

Table 2. Summary of doses, mean and modelled ages, used model, unused MAM2 age, 1705 

number (n) of accepted and total aliquots, skewness, probability (p), overdispersion (OD), 1706 

dose rates and water content. 1707 

Table 3. Bedforms morphology, sedimentary successions and origin on outburst fan surface at 1708 

rising and falling stages of the GLOF (bedform morphology: L – length, W – width, D – 1709 

depth, H – height; statistical parameters for the grain-size distributions: d50 – median 1710 

grain diameter, σ – sorting, Sk – skewness, Kg – kurtosis). 1711 



Textural 
symbols 

Sediments Structural 
symbols 

Stratification 

D Diamicton m Massive 

B Medium, large, 
very large 

B
o
u

ld
e
rs

 

s Stratified diamicton (in general) 

sc 

Planar, trough or sigmoidal cross-stratification, , 
concentric and concave-up laminae across the 
palaeoflow  
 

BC Very small, 
small (cobbles) 

GP Fine, medium, 
coarse, very 
coarse 
(pebbles) 

G
ra

v
e
ls

 (G
) 

GR Very fine 
(granules) 

bl Backset cross-stratification S Sands: very fine, 
fine, medium, 
coarse, very coarse 

F Fines: silts and clays 
h Horizontal stratification 

Clast/matrix relationship 

m1 
Matrix-supported, 
clast poor 

s Sinusoidal stratification (for sands and gravels). 

l 
Low-angle cross-stratification or subhorizontal 
stratification 

m2 
Matrix-supported, 
clast moderate 

r Ripple cross-lamination 

(o) Openwork (d) Deformed 
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Key site  
Lab ID 
(Lund-) 

Mean dose 
[Gy] 

Mean age 
[ka] 

Modelled age 
[ka] 

Age 
model 

MAM3 age 
[ka; unused] 

n 
[accepted/total] 

Skewness p OD 
Dose rate 

[Gy/ka] 
Water content 

[%] 

Bachanowo 3 21009 64.0±5.8 28.4±2.8 25.5±2.5 CAM 12.7±1.1 26/39 0.63 0.00 44 2.25±0.09 11 

Bachanowo 3 21010 33.1±2.0 13.5±1.0 13.2±0.9 CAM 8.9±0.7 23/27 0.03 0.02 25 2.45±0.10 11 

Bachanowo 4 21011 164±9.5 106.6±7.7 102.3±7.8 CAM 57.9±2.8 28/38 0.65 0.01 31 1.54±0.07 11 

Bachanowo 4 21012 159.4±14.4 71.7±7.2 64.4±6.3 CAM 29.4±1.7 28/35 0.94 0.01 45 2.22±0.09 11 
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 Bedforms Rising stage and/or peak discharge Waning stage 

Fan 
zone 

Type 
(site) 

Morphology 

Sedimentary 
facies and 

their 
successions 

textural 
properties for 

GLOF sediments: 
d50/σ/Sk/Kg  
(if available) 

Interpretation 
Sedimentary 

facies and their 
successions 

textural properties 
for GLOF 

sediments: 
d50/σ/Sk/Kg  
(if available) 

Interpretation 

P
ro

xi
m

al
 

Is
o

la
te

d
 s

co
u

r 

(G
P

R
 p

ro
fi

le
 A

-A
ʼ)

 

Oval, isolated and 
enclosed depressions; 

L: up to 45 m 
W: up to 22 m 
D: up to 2 m 

Gravelly lags 
(radar facies 

RF4) 
- 

Bed scouring; formed under fully 
submerged flow conditions 

Stratified and 
massive 

sediments (radar 
facies RF5→RF6) 

- Scour infill 

R
es

id
u

al
 

h
u

m
m

o
ck

 

(B
ac

h
an

o
w

o
 2

) 

L: 91-422 m 
W: 37-52 m 
H: up to 4 m 

Pre-GLOF: 
Dm(m1), 

DSm(m1)(d), 
DSs(m1);  

GLOF: SGm 

- 
Bed scouring to minimize 

resistance to flow; formed under 
fully submerged flow conditions 

Pre-GLOF 
sediments 

- 
Flow separation and 

channelization causing channel 
lateral erosion 

D
is

ta
l 

Is
o

la
te

d
 s

co
u

r 

(B
ac

h
an

o
w

o
 4

) 

L: 43-85 m 
W: 35-47 m 

D: up to 2.5 m 

GSm/GBm/BC
m→GRsc/GPs

c(o) 
 

MPS=0.8 m;  
Matrix in 

GSm/GBm/BCm: 
2.9–6.6/22.1–

38.6/-0.5–-
1.4/1.6–3.3; 

GRsc(GPsc)(o): 3–
1.6/2.8–21.3/-

1.4–1.7/3.3–9.7 

Repeated incision related with 
chute-and-pools development, 
gravelly lags followed by gravel 
bedload sheets formation and 

hyperconcentrated flows; scour 
infill and rhythmic deposition 

representing pulses of floodwater 
outflow or multiple flood events; 

sediment concentration 
increasing  

DGm(m2)→GRh/G
Rl →Sr/SFm/SFr 

Matrix in DGm(m2): 
0.1/5.1/-1.3/4.1 

GRh/GRl(o):  
2.6/23.6/-0.8/2.3 

Sr: 0.2/ 

Scour infilling as a result of 
massive suspension fall-out, 

migrating antidunes, humpback 
dunes and ripples 

 
 

Sc
o

u
r 

tr
ai

n
 

(S
ze

sz
u

p
ka

 1
) 

three elongated and 
enclosed depressions, 
each has: 
L: 25–52 m 
W: 18–37 m 
(L and W increase 
downstream) 
D: 1.5–2.5 m; widths 
of ridges dividing 
scours: 10-15 m 
(increase 
downstream) 

GBm→ 
GRsc/GSsc→G
bl→ SFm/SFh 

MPS for 
GBm=0.22 m; 
GRsc(o): 2.1–
9.5/7.1–49.6/-2–-
0.5/1.5-8; 
SFm/SFh: 
0.1/2.5/-0.5/6 

Development of cyclic steps as a 
result of upslope-migrating  
hydraulic jumps; widespread 
repeated phases of scouring in 
the zones of the strong vortices, 
gravelly lags formation followed 
by scour infill; high sediment flux  

GRsc → 
Gm/GSm/SGm 

GRsc: 2–8.6/7–31/-
1.5–-2/3.4–8.1; 
Martix in Gm/GSm: 
0.13/2.1/-1/7.7 

Rapid deposition and scour 
infilling by massive suspension 
fall-out and matrix-supported 
and poorly sorted gravel 
accumulation or 
hyperconcentrated flows 
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P
en

d
an

t 
b

ar
 

(S
ze

sz
u

p
ka

 2
) 

L: 95-152 m 
W: 40-53 m 

H: up to 1.5 m 

  

GRm/GSm/GBm, 
Sl/Sh→ 
GSsc/GRsc(o)→SF
m/Sm 

GRm/GSm/GBm: 
1.8–2.5/2.7–3.4/-
0.3–-0.9/3.7–4.6; 
Sl/Sh: 0.48/2/-
0.2/5.5; 
SFm/Sm: 0.04–
0.1/4.4–9.3/-0.7–-
0.5/2.2–3.6 

Deposition in deeper areas 
downstream of flow obstacles 
due to flow separation ; 
submerged flow conditions and 
abrupt changes in flow 
competence; formation of 
gravelly bed sheets, sandy upper 
plane bed, up-flow migrating 
antidunes and scours in the zones 
of hydraulic jumps; intensive 
outwash of a fine fraction under 
the condition of a Froude-
supercritical flow regime 

C
h

u
te

 b
ar

 

(B
ac

h
an

o
w

o
 3

) 

 

L: 94-167 m 
W: 91-85 m 

H: up to 1.8 m 

  Rhythmic bedding 
and fining-
upward 
succession;  
first phase 
(rhythm 1): 
GSm/SGs(GRh(o);  
second phase 
(rhythm 2): 
GRs(o)/SGs;  
third phase: 
SGh/Sh→SGs/Ss 

Rhythm 1: 0.17–
0.98/3.9–8.6/-2.1–-
1/4.6–7.5 
Rhythm 2: 9.5–
0.8/3.8–45.7/-0.3–-
0.2/1.3–2.1; 
SGh/Sh: 0.4–
0.6/3.2-10.8/0.3–-
1.2/ 
SGs/Ss: 
0.2/2.2/0.04/7.8 

Three-stage vertical accretion 
limited to the areas of channel 
widening and/or at the mouth of 
channels; deposition by repeated 
flow pulses along with 
progressively reduction in flow 
energy; final deposition under 
the condition of Froude-
supercritical flow (upper plane 
bed and antidunes formation) 

Er
o

si
o

n
al

 

b
ar

 

(G
P

R
 

p
ro

fi
le

 B
-B
ʼ)

 

L: 70-687 m 
W: 23-72 m 
H: up to 2 m 

  
GLOF various 

sediments 
- 

Flow channelization, fan surface 
dissection, channel lateral 
migration forming surface 
characterized by uniform 

gradient 
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