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Abstract

The study analyses a 7.5-m-thick sedimentary succession deposited in the largest sandur (the Gwda sandur, a glacial
outwash plain) in NW Poland, during the late Weichselian (MIS 2). Although the study site is located in the distal
zone of the sandur, its sedimentological features and palaeohydrological parameters reflect the presence of an
energetic, powerful environment typical of the proximal zone. Three sedimentary units were recognized in the
studied sedimentary succession: (1) lower unit — fine-grained sands with ripple cross-lamination and horizontal
lamination; (2) middle unit — gravelly coarse-grained sands and sandy gravels with planar cross-stratification; and,
(3) upper unit — sands and gravelly sands with trough cross-stratification. Although the age of deposition of the
sandur is accepted to be convergent with that of end-moraines of the same phase, the sediments in the distal
zone of the Gwda sandur correlate with an earlier glaciation phase/subphase. Our findings hint at a complex
problem: large sandurs such as the Gwda sandur were probably deposited over a long time, and their successions
might record the textural and structural features of the proximal subenvironment, even in their distal parts due to
deglaciation-related shifting of the proximal zone of a sandur. This paper presents a new approach to analysing the
depositional processes in large sandurs, shows a new light on glaciofluvial water supply dynamics of distal parts of
sandurs, and may solve several fundamental problems related to the sandur deposition.
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1 Introduction
Sandurs are outwash plains formed by meltwater flowing

result from the high-energy flows caused by large
amounts of meltwaters and a relatively highly-inclined

from the end of an ice sheet (Zieliiski and Van Loon
2003). In sandurs, the style of sedimentation deposited
by meltwaters depends on the flow competence, which
in turn, is related to the distances from the ice sheet
margin and the ablation rate. The proximal zone of the
sandur, located close to the ice sheet, typically receives
most of the deposited coarse-grained sediments (see
Boothroyd and Ashley 1975; Boothroyd and Nummedal
1978; Zieliniski 1993). This deposition is believed to
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palaeoslope. Ablation floods are common hydrological
features of the glaciomarginal zone, especially on the
proximal zone of sandurs (Boothroyd and Ashley 1975;
Church and Gilbert 1975; Warburton 1999; Pisarska-
Jamrozy and Borner 2011). The flow rate can be in-
creased by various factors: firstly, a large supply of fresh
ablation waters during the period of ice-sheet melting;
secondly, the presence of morphological barriers caused
by confined flows and a relative increase of flow compe-
tence, especially during flood events; and thirdly, the oc-
currence of glacial floods associated with the drainage of
subglacial or proglacial reservoirs. Traces of such high-
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energy floods are recorded usually both in the morph-
ology of sandurs and in the sedimentary records. In
morphology, they can be represented by large-scale anti-
dunes (Baker 1973; Szafraniec 2008, 2010; Carling et al.
2009; Weckwerth et al. 2019; Benito and Thorndycraft
2020), kettle holes and ice-block obstacle marks devel-
oped as results of the deposition and melting of ice
blocks carried by floods (Maizels 1983; Marren and
Schuh 2009; Russell 2009; Burke et al. 2010; Hogaas and
Longva 2016; Weckwerth et al. 2019) or gravel bars
(Hogaas and Longva 2016; Benito and Thorndycraft
2020). In the sedimentary record, they can be discovered
as (1) thick, widespread sub-horizontal tabular units of
massive and poorly-bedded gravels and boulders; (2)
thick, coarse-grained, upwards-coarsening successions;
(3) coarse-grained bedforms (bars or dunes); (4) sedi-
mentary structures associated with obstacle marks; (5)
kettle holes; or, (6) rip-up clasts (following Maizels 1997;
Marren and Schuh 2009). In contrast, while such mor-
phological and sedimentary indicators have been re-
corded in the proximal zones of sandurs (see Eynon and
Walker 1974; Boothroyd and Ashley 1975; Boothroyd
and Nummedal 1978; Fraser 1993; Zielinski 1993; Mai-
zels 1997; Marren and Schuh 2009; Pisarska-Jamrozy
and Zielinski 2014; Pochocka-Szwarc and Krzyszkowski
2015; Weckwerth et al. 2019), just a few evidences of
such events exist in the distal zones.

The sedimentation style of the Pleistocene sandurs de-
posited at the foreland of the Fennoscandian Ice Sheet,
NE Poland, from the proximal to the distal zones, was
described in detail by Zielinski (1993) and by Zielinski
and Van Loon (2003). However, these studies examined
relatively small sandurs of 50 km in length; these are
much shorter than those in western and central Pomer-
ania, such as the Drawa, Gwda, and/or Wda sandurs,
which were measured over 100 km in length and called
as ‘Pomeranian sandurs’ in this paper (i.e. sandurs de-
posited during the Pomeranian phase of late Weichsel-
ian). Moreover, sedimentary successions of these large
sandurs have only been analysed in proximal zones
(Karczewski 1989; Rachlewicz 1991; Pisarska-Jamrozy
and Zielinski 2014), and as mentioned above, their distal
zones remain poorly understood.

It is generally accepted that the age of Pleistocene san-
durs is linked to the age of end moraines determining
the extent of the ice sheet margin (see Galon and Rosz-
kéwna 1961; Kozarski 1986; Liithgens et al. 2011;
Pisarska-Jamrozy and Zielinski 2014). Liithgens et al
(2011) showed that sandur deposits can prove the pres-
ence of an ice sheet position for a long time period. It
should be noted, however, that in the territory of Poland,
North Germany and Denmark, the Weichselian glaci-
ation is characterized by several phases of ice sheet de-
velopment, accompanied by a permanent outflow of
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meltwaters resulting in sandur formation. Therefore, in
the sedimentary record, sandur levels have been found
to correspond to the deposition phases occurring in the
periods of ice sheet advance and recession (Kempton
and Goldthwait 1959; Maizels 1989; Marks 1990; Ols-
zewski and Weckwerth 1999).

The aims of this study are threefold: (1) to reconstruct
the palaeoenvironmental depositional conditions of the
large sandur and its palaeohydrological features; (2) to
compare the sediments in the distal zone of the Gwda
sandur with previously-documented distal sandurs; and,
(3) to create a new temporal-spatial model of large
sandurs.

2 Geological and geomorphological setting

The Stobno study site (53°07°15"N, 16°42°'05"E) is situ-
ated in the distal zone of the Gwda sandur (Bartczak
2006), 92 km south of the end moraines of the Pomer-
anian phase (Marine Isotope Stage 2/MIS 2), and about
5km north of the northern edge of the Torun-Ebers-
walde Ice Marginal Valley (Fig. 1). The Gwda sandur
was the subject of numerous studies in the last century
focused on the processes taking place during the deglaci-
ation of the Fennoscandian Ice Sheet (Ost 1933; Galon
and Roszkéwna 1961; Roszkéwna 1968).

The Gwda sandur is 97 km in length, measured from
the town of Sepolno Wielkie in the north to Lugi Ujskie
in the south (Fig. 1). The inclination of the Gwda sandur
depositional surface reaches approximately 0.14° over a
distance of 10 km and then only 0.08° over a further 90
km towards the south. The sediments investigated in the
Stobno study site are exposed from the present-day sur-
face up to 7 m below it, while the entire sandur succes-
sion is over 17 m thick (see Bartczak 2006). It consists of
mainly glaciofluvial sands and gravels deposited south-
wards from the ice margin during the Pomeranian phase
of late Weichselian glaciation (MIS 2). The sandur is at
least 37 m thick in the proximal part (Winnicki 2011;
Multan and Dobosz 2012) but thins in the distal part to
a little over 17 m near the Stobno study site (Bartczak
2006). In the most proximal zone, the Gwda sandur
merges with the great sandur formed by the outflow of
proglacial waters from the ice sheet front during the
Pomeranian phase (Fig. 1a). This free and extensive de-
position of glaciofluvial sediments was made possible by
a lack of significant morphological barriers (Fig. 1a).

There are three sandur levels in the study area (Figs. 1, 2).
The first (the oldest one) level (I level), lying between 105 m
asl. on the edge of the till plain and 80 masl. in the Pita
area, is associated with the earliest stage of the ice sheet re-
cession in this area. A second sandur level (II level) is related
to the next stage of deglaciation. Its surface is inclined 0.08°
to the south, from 80 mas.l in the Pila area to 71 mas.l. in
the village of Stobno. This level was cut afterwards by
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Fig. 1 The Stobno study site locality. a Distribution of sandurs south of the Pomeranian phase limit; b Geological setting of the study site

successive erosional stages of the Gwda sandur formation.
On the sandur surface, widespread kettle holes evolved as an
effect of melting blocks of dead ice. Two such depressions,
Piaszczyste Lake and Lesne Lake (Figs. 1, 2), are about 1 km
from the study site. A third (the youngest) sandur level (III
level) (71-63 masl) is linked to the depositional processes
in the final phase of the Pomeranian phase and with the de-
position of the Gwda River.

3 Methods

The following sedimentological investigations were car-
ried out in the outcrop: a description of sedimentary
succession, measurement of the dip and azimuth of sedi-
ment structure, determination of maximum particle size
(MPS) by measuring gravel diameter, and sampling for
grain-size analyses and optically stimulated lumines-
cence (OSL) dating.

Sediment grain size was classified according to
the Udden-Wentworth scale (Udden 1914; Went-
worth 1922). Sediments were coded according to
Miall (1977, 1978), with modifications by Zielinski
and Pisarska-Jamrozy (2012) (Table 1); the term
‘fines’ was used to refer to clay and silt together.
We use the term ‘glaciofluvial’ in relation to the
fluvial environment in which the water derives from
ice sheet. The MPS was calculated on the basis of
the ten largest grains derived from gravels, sandy
gravels or gravelly sands; this value is used for cal-
culating palaeohydraulic parameters, including mean
flow velocity (v), bed shear stress (t) and flow
power (w) (Table 2). Estimation of flow depth (d)
was based on the bar height (i.e. thickness of planar
cross-stratified gravelly sands; see Table 2) or the
trough depth (in trough cross-stratified sands and
gravelly sands; see Table 2).
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Stobno study site

Fig. 2 Digital elevation model of the Stobno study site showing three sandur levels in the study area
.

Furthermore, four sandy samples were taken for
OSL dating and dated at the GADAM Gliwice Lu-
minescence Laboratory in Poland, using standard
multi-grain aliquots. Equivalent doses of samples
were determined using the 6mm aliquot
regenerative-dose (SAR) protocol (see Thrasher
et al. 2009). The Central Age Model (CAM) was

Table 1 Textural and structural symbols used in the present study

used to identify the central tendency in the dose
distribution. The samples derived from sediments
deposited in the shallow flow in a channel or in an
overbank subenvironment due to their smaller flow
depth and lower aggradation rate, what is the best
source for OSL dating in glaciofluvial sediments
(see Weckwerth et al. 2013).

Structure

Planar cross-stratification

Trough cross-stratification

Erosional scour fill

Horizontal lamination

Ripple cross-lamination

Climbing ripple cross-lamination

Wavy lamination

Symbol Grain size
Gp Gravels
GSp Sandy gravels
SGp
Gravelly sands
SGt
St
Se
Sh Sands
Sr
Src
FSw Sandy fines
Fm Fines

Massive

Abbreviations of sediments with their structure refer to Zieliniski and Pisarska-Jamrozy (2012): Gp Gravels with planar cross-stratification; GSp Sandy gravels with
planar cross-stratification; SGp Gravelly sands with planar cross-stratification; SGt Gravelly sands with trough cross-stratification; St Sands with trough cross-
stratification; Se Sands with erosional scour fill structure; Sh Sands with horizontal lamination; Sr Sands with ripple cross-lamination; Src Sands with climbing ripple

cross-lamination; FSw Sandy fines with wavy lamination; Fm Massive fines
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Table 2 Palaechydraulic formulae used in calculations in the present study (Bagnold 1966; Friend and Moody-Stuart 1972; Klimek
1972; Miller et al. 1977; Koster 1978; Saunderson and Jopling 1980; Carling 1983; Costa 1983; Williams 1983; Komar 1996; Bridge 2003;

Zielinski 2014)

Palaeohydraulic parameters

Formula

Reference

Mean flow velocity

v=160D"*, D [cm], v [cm's ]
D — Mean grain size

Miller et al. (1977)

v =49D"*" D [cm], v [cm's™']

Koster (1978)

y=5.9D%, D [m], v[ms]

Costa (1983)

v=(v+,)2, v Lm-s”]
v, = 0.065MPS**, MPS [mm],
vmsT]
v, = 0.46MPS*°, MPS [mm],
v[msT]
MPS — Maximum particle size

Williams (1983)

Bed shear stress

7, =110D"* , D [cm], z [dyn-cm ]

Carling (1983)

z.=0.16D"*, D [mm], z [N-m” = Pa]

Costa (1983)

7, = 108D, D [cm],  [dyn-cm™]

Komar (1996)

T = (1,%1,)/12

7, = 3.9MPS, MPS [mm],
7[N'm” = Pa]

7, = 0.17MPS, MPS [mm],
7[N'-m” = Pa]

Williams (1983)

Flow power

® =1, o [W-m?],v[ms’], z[Pa]

Bagnold (1966)

Bedform height

h,, = 3h,[m]
h,, — 3-D dunes height

h,— Thickness of lithofacies (St, SGt)

Bridge (2003)

h, =1.25h, [m]
h, — Bar height

b

h, — Thickness of lithofacies (SGp, GSp)

Saunderson and Jopling (1980)

Flow depth

Zielinski (2014)

Friend and Moody-Stuart (1972)
Klimek (1972)

v Mean flow velocity; T Bed shear stress; w Flow power; d Flow depth; s Second; N Newton; Pa Pascal

4 Results

The geomorphological position in relation to the en-
tire Gwda sandur clearly indicates that the sediments
in the Stobno study site are part of the distal zone.
The sediments in the study site reached up to 7.5m
in thickness, and the sediments extended up to 200 m
along a north-south direction (Figs. 3, 4a). Within
these sediments, three sedimentary units, were recog-
nized: (1) lower unit — fine-grained sands with ripple
cross-lamination and horizontal lamination; (2) middle
unit — gravelly coarse-grained sands and sandy
gravels with planar cross-stratification; and, (3) upper
unit — sands and gravelly sands with trough cross-
stratification (Fig. 3).

4.1 The lower sedimentary unit: horizontally-laminated
sands and ripple cross-laminated sand (Sh, Sr)

4.1.1 Description

The lower sedimentary unit has a thickness of at least 4
m; however, its bottom part was not exposed (Figs. 3,
4a). The upper boundary of this sedimentary unit has
erosional features. It consists of sands with ripple cross-
lamination (Sr) and horizontal lamination (Sk) as well as
secondary (less common) sediments: massive fines (Fm),
climbing ripple cross-laminated sands (Src¢) and wavy-
laminated sandy fines (FSw), in order of occurrence
(Fig. 4b). The thickness of the beds varies from 10 cm
(massive fines) to 80cm (horizontal laminated sands).
The boundaries between beds are depositional features.
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The gradation in the sediments is normal: from
medium- and coarse-grained sands to fine-grained sands
at the top. The laminae of the climbing ripple cross-
laminated sands dip to the southwest. Two types of
rhythms are observed within this unit: horizontal lami-
nated sands — ripple cross-laminated sands (Sh—Sr),
which occurs four times, and ripple cross-laminated
sands — horizontal laminated sands (Sr—Sh), occurring
twice.

4.1.2 Interpretation

The lower sedimentary unit is a record of a low-energy
braided river environment with three-dimensional sandy
ripples deposited under the conditions of the lower part
of the flow regime, i.e., in low-power zones. The ripple
cross-laminated sands were deposited from weak and
shallow currents (type 12 according to Miall 1985). The
migration of linguoid or lunate ripples appeared to be
synchronous with the filling of troughs eroded in flow
separation zones. It is likely that these bedforms were
initially long and small, typical for the upper part of the

lower-flow regime, but were later replaced by higher rip-
ples representing the lower-energy conditions. In
addition, ripple cross-laminated sands were likely depos-
ited in an overbank position or in an abandoned chan-
nel. Similar sandy rippled forms were described from
overbank deposits in braided-river environments (Tan-
ner and Hubert 1992; Bridge and Lunt 2006). Similarly,
sands with horizontal lamination were formed by settling
from the suspension in quiet water in an abandoned
channel or an overbank basin (cf. Miall 1985; Zieliriski
1993). The two identified rhythms indicate gradual
changes in flow depth associated with changes in bed
configuration: from a flat sandy bottom to ripples
(Sh—Sr) and from ripples to a sandy bottom (Sr—Sh).
The lack of erosional boundaries between sediments
suggests that these changes did not occur rapidly but ra-
ther gradually. The presence of intercalations of massive
and wavy-laminated fines indicates that the deposition
took place in episodes of waning current. Similar fine-
grained sediments were known from fluvial cycles linked
to sheetfloods in braided channel environments (Blakey
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Fig. 4 Sedimentary details of glaciofluvial succession in the Stobno study site. a Stobno study site succession with marked three sedimentary
units; b Wavy-laminated sandy fines (FSw) and climbing ripple cross-laminated sands (Src) of low-energy parts of braided river system; ¢ Trough
cross-stratified sands (St) and gravelly sands (SGt) of the uppermost part indicate megaripples in the deepest parts of the braided river channels;

d Sediments deposited by high-energy flows in braided channels
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and Gubitosa 1984; Kjeer et al. 2004). It is possible
that a previously-active braided river channel be-
came a pool with a stagnant water due to avulsion.
The palaeocurrent direction, measured from ripple-
cross lamination, indicates that the sediment was
transported from the northeast to the southwest
(Fig. 3).

4.2 The middle sedimentary unit: planar cross-stratified
sandy gravels and gravelly sands (GSp, SGp)

4.2.1 Description

The middle sedimentary unit is comprised of planar
cross-stratified gravelly sands (SGp) and sandy
gravels (GSp), gradually ranging in thickness from
0.5m in the south to 2m in the north (Fig. 4a, d).
The lateral extent of this unit reaches 70 m. Both
the bottom and top boundaries of these beds have
erosive features. The matrix-supported deposits of
this unit contain an admixture of fine- and
medium-sized gravels. The MPS measured from this
unit can reach 10.2 cm.

4.2.2 Interpretation

The middle sedimentary unit of the Stobno study site
succession records the migration of the straight-crested
(2-D) dunes of gravelly sands and sandy gravels, indicat-
ing the presence of a current in the middle part of the
lower flow regime in a braided river channel (Harms
1969; Bridge 2003). This form type is characteristic of
braided channels with much bedloads (cf. Thorne et al.
1993). In addition, the presence of large gravelly bars is
the record of initial waning phases of powerful floods
(Blodgett and Stanley 1980). The palaeohydraulic param-
eters were estimated as: mean flow velocity (v) =~ 2.6
m-s~; bed shear stress (1) = ~ 32.9 Pa; flow power (w) =
855N-m s % and, the maximum flow depth (d)
reached 2.5 m (Table 3).
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4.3 The upper sedimentary unit: trough cross-stratified
sands and gravelly sands (St, SGt)

4.3.1 Description

The upper sedimentary unit consists of a sets of trough
cross-stratified sands (St) and gravelly sands (SGt) (Fig. 4c).
The thickness of this unit is up to 2.5 m, while the thickness
of an individual bed reaches 0.4 m. The St, SGt beds of this
upper unit dip to the southwest (Fig. 3). Both sands and
gravely sands with trough cross-stratification demonstrate
an abundance of a fine- and medium-sized gravel admix-
ture. Gravelly sands with trough cross-stratification are also
characterised by a matrix-supported texture. The MPS
measured from this unit is 5.9 cm. Within this upper sedi-
mentary unit of the study succession, large-scale erosional
scour fills (Se) can be seen in the southern part of the out-
crop (Figs. 3, 4a). These erosional scour fills are wide (up to
10 m) and relatively shallow (up to 0.8 m); the beds are ar-
ranged sigmoidal (Fig. 4a) and dip to the west (Fig. 3).

4.3.2 Interpretation

The upper sedimentary unit represents the migration of
3-D dunes, reflecting the nature of the water current in
the upper part of the lower flow regime (cf. Harms 1969;
Bridge 2003). Deposition of dunes occurs under condi-
tions of relatively deep and rapid flow in braided river
channels, deposited during the diminishing discharge
after a large flood (cf. Middleton and Trujillo 1984; Zie-
linski 1993). The trough cross-stratified sands reflect a
channel bed in an advanced phase of the diminishing
discharge. In conditions of decreased flow competency,
the gravelly sand dunes would be replaced by sandy
three-dimensional dunes classified as compound dunes
by Harbor (1998). The palaeocurrent direction indicates
that the sediments were transported from the northeast
to the southwest (Fig. 3). The flow depth (d) obtained
from the single troughs is between 2.4 m and 6 m, while
the mean flow velocity (v) is about 2m-s~ 1 the bed
shear stress (7) is about 21.5 Pa, and the flow power (w)
is 43N-m 1s ! (Table 3). In the erosional scour fill,

Table 3 Comparison of the palaeohydraulic parameters estimated from the sediments in Stobno study site with those of previous

studies
Flow depth [Mean velocityl Bed shear | Flow power
rce of sediments with referen iment; L -
Source of sediments eferences | Sediments [m] [m-s] stress [Pa] | [N-m™s™]
: SGp 25 ~2.6 (1.2-4.6) ~32.9(20.8-43.3) 85.5
Stobno study site
v StISGt 2.4-6 ~2(1.0-36)  ~21.5(12.1-29.9) 43
. e G 3-4 1-5 75-250 100-300
Proximal zone of sandurs (Zielinski 1993) P
StISGt 1-3 1.9-2.7 24-46 45-125
; el SG 0.8-1 0.8-2.1 12-23 10-46
Distal zone of sandurs (Zielinski 1993) P
St/SGt 0.8-2.3 1.6-2.1 24-36 40-68
! : . SG 0.4-3.1 1-1.8 28.5-91.6 28-161.3
Ice-marginal valley (Pisarska-Jamrozy 2015) P
StISGt 2.1-8.4 1-2.3 28.5-152.6 28-347
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large trough structures, observed only in the southern
part of the outcrop (Fig. 4a), represent the erosional
forms dissected in the confluence zones of two channels,
which were so-called scour pools (Siegenthaler and Hug-
genberger 1993; Pisarska-Jamrozy et al. 2010; Zieliniski
2014). The palaeocurrent direction measured from these
large-scale erosional scour fills show sediment transport
took place from the east to the west. This sedimentary
unit was formed under conditions where erosion, trans-
port and deposition were in balance with the current en-
ergy (equilibrium flow).

5 Synthesis and discussion

This section will be divided into four parts: first, to dis-
cuss the sedimentological features of the studied sedi-
ments; subsequently to discuss their calculated
palaeohydraulic parameters; the third, to show OSL dat-
ing discrepancies of the studied sediments; and, finally
to point out the palaeogeographical implications for a
new temporal and spatial model of the long-term sandur
deposition.

5.1 Sedimentological features of the studied sediments

The trough infills, found in the Stobno study site, devel-
oped in the deep and rapid flow of braided river chan-
nels, were most likely deposited during a period of
diminishing discharge following a large flood. The initial

waning phase of the flood, characterised by significant
bedload transport and rapid variations in velocity, depth,
power and discharge by currents, also resulted in the de-
position of straight-created dunes. The confluence zones
of the channels developed erosional scour pools, a typ-
ical feature of a braided river system (cf. Pisarska-
Jamrozy et al. 2010). Sandy and gravelly straight-crested
(2-D) dunes were deposited in braided river channels with
much bedload. The fine-grained sandy sediments were de-
posited from stagnant water or in weak current conditions
in an overbank position or in an abandoned channel. The
mean palaeocurrent direction shows that the sediments in
Stobno study site were transported from the northeast to
the southwest; however, the palaecocurrent direction can
vary considerably on the local scale, e.g. in the confluence
zones of braided channels, and in this case, it indicates the
transport from the east to the west.

The sandy and gravelly trough infills observed in the
sediments of the Stobno study site are typical for the
proximal zones of sandurs (see Zielinski 1993; Pisarska-
Jamrozy 2006, 2008a, 2008b), but not for the distal
zones, which are characterised by sandy and finer sedi-
ments (Zielinski 1993). The distal zone typically com-
prises sandy deposits, reflecting the deposition of alluvial
sediments by relatively shallow and low-energy braided
channels (Zielinski 1993), which were expected in the
Stobno study site.
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5.2 Palaeohydraulic parameters calculated for the studied
sediments

The maximum bed shear stress of the channels in the
Stobno study site reaches a maximum value of 32.9 Pa.
Although this value is larger than those previously calcu-
lated for the sandy and gravelly braided channels of the
middle zone of sandurs (3 <7<20Pa) (Boothroyd and
Ashley 1975), and calculated for flows observed during
low-water levels in proximal sandurs (7 < 15Pa) (Ash-
worth and Ferguson 1986), it is smaller than those esti-
mated for catastrophic flows related to glacial floods,
such as ~90Pa (Lord and Kehew 1987; Komar 1989),
75 < 7 < 250 Pa (Zieliiiski 1993), or 120 < 7 < 400 Pa (Zie-
linski 2014). The bed shear stress calculated in the
Stobno study site is comparable with those calculated by
Zielifiski (1993) for the proximal zone of sandurs and by
Pisarska-Jamrozy (2015) for catastrophic flows in the
Torun-Eberswalde Ice Marginal Valley (28.5< 1< 152.6
Pa). The flow power in the analysed part of the Gwda
sandur varies from ~43N.m™ ‘s ' for troughs with
gravelly sands to ~855N-m™'s™ ! for gravelly sands of
the transverse bar (Table 3). These values are compar-
able with those calculated for the proximal zone of san-
durs by Zielinski (1993). The palaeohydraulic parameters
estimated for the sediments in the Stobno study site are

relatively different with the expected parameters for the
distal zone of a sandur (cf. Zielinski and Van Loon
2003). The channel form and the bedform height suggest
that the flow depth in the Stobno study site reaches up
to 6m in the deepest part of the channels (Table 3).
Similar results were obtained for the channel bars in the
proximal zone of sandurs (see Zielinski 1993; Table 3)
or for the Torun-Eberswalde Ice Marginal Valley, which
collected waters from all Pomeranian sandurs (Pisarska-
Jamrozy 2015). The mean flow velocity in the Stobno
study site ranges from 2m-s~' to 2.6 ms~! (Table 3),
which is also more typical for the proximal than the dis-
tal zones of sandurs (see Zielifiski 1993).

Summing up, we interpret that the palaeohydraulic pa-
rameters like flow depth, mean flow velocity, bed shear
stress, and flow power obtained from the studied sedi-
ments tend to proximal depositional conditions than dis-
tal depositional conditions.

5.3 Dating discrepancies of the studied sediment

The range of dating methods are used for sediments
which do not fit comparable time scales, for example,
OSL dating determines the time of the last exposure of
sands and silts to (sun) light (see Wallinga 2002; Murray
and Olley 2002), while '°Be dating determines the time
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Fig. 7 Schematic model of the late Weichselian ice sheet recession phases and sandur development with marked proximal parts of the sandur
moving northwards: a First phase of recession; b Second phase of recession; ¢ Third phase of recession
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of the surface exposure (see Rinterknecht et al. 2012).
The problem occurs when the same dating method is
used but the dating result demonstrates a wide range of
ages.

'°Be dating of the erratic boulders and OSL dating of
the Pomeranian phase sediments indicate that they were
formed in between 14.8 ka BP and 15.8 ka BP in Poland
(Rinterknecht et al. 2005), and in between 14.2ka BP
and 21.7 ka BP further west, in Germany (Liithgens et al.
2011; Borner et al. 2013) (Fig. 5). This age variation
could be attributed to a number of causes, such as the
sediment redeposition, the bank erosion, and/or the
limitation of solar resetting (see Adrielsson and

Alexanderson 2005; Raukas and Stankowski 2005; Alex-
anderson et al. 2008; Weckwerth et al. 2013; Dziedus-
zyfiska et al. 2014). Alexanderson and Murray (2012)
proposed that the accuracy of OSL dating is influenced
by various factors including the transport distance, the
sediment reworking, and origin of grains from sediment-
ary rocks, which are positively correlated with a better
bleached signal. Lithgens et al. (2011) suggested that the
multiple reworkings of grains before the final deposition
enhanced the bleaching probability.

The distribution of dose equivalent for the four OSL
ages from the Stobno study site mainly show monomo-
dal graphs (Fig. 6). All obtained OSL ages (19.89 + 0.88
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ka BP, 20.9 + 1.1 ka BP, 21.0 + 1.2 ka BP and 21.3 + 1.2 ka
BP; Fig. 6) demonstrate good bleaching, i.e., their uncer-
tainties are between 5% and 6%, which are all in the
range (5%—10%) of the OSL-age uncertainty proposed by
Duller (2008) or are better. The OSL ages of the sedi-
ments in the Stobno study site are at least four thousand
years older than the age of the Pomeranian phase in
Poland, i.e. 14.3—-17 ka BP (see Rinterknecht et al. 2005;
Marks 2012), but are in the range of OSL ages obtained
for the Pomeranian phase in Germany, i.e. 15.6-21.7 ka
BP (Liithgens et al. 2011; Borner et al. 2013).

In the light of our present contribution, we can expect
that large sandurs like the Gwda sandur were deposited
over a longer period than previously thought, and the
OSL dating discrepancies of sediments deposited in the
distal and proximal zones of the Gwda sandur indicate a
timespan in the range of a few thousand years for the
deposition.

5.4 Palaeogeographical implications

How can the coexistence of the apparently incoherent
data given above be reconciled? We assume that the dis-
tal position of the Stobno study site within the Gwda
sandur indicated by its general geomorphological pos-
ition and altitude model, and the obtained OSL ages of
the studied sediments and their sedimentological and
palaeohydrological interpretation, are all correct. Then
the glaciofluvial sediments of the Gwda sandur appeared
to have been deposited over a few thousand years. As
the ice sheet path migrated northward, so did the prox-
imal zone of the Gwda sandur, up to the position of the
present-day Pomeranian phase indicated by end mo-
raines (Fig. 7). During this period, the palaeosurfaces of
the Gwda sandur were modified, washed out and eroded
many times by proglacial currents which occasionally
displayed the features of catastrophic floods (see: results
in Section 5.3). Moreover, during the recession of the ice
sheet between phases, the meltwaters caused the erosion
and subsequent infilling of large troughs in the proximal
zone of the sandur, which are now in the distal zone
(Fig. 7a). The modification of the sandur palaeosurfaces,
as well as the deposition, happened during the recession
and stagnation of the ice sheet front (Fig. 7b, c). The
most likely explanation for the appearance of coarse-
grained sediments in the present-day distal zone of the
sandur is spatial change in the position of the proximal
zone of the sandur, which is linked to the position of the
ice sheet front (Fig. 7).

6 Conclusions
The following conclusions can be drawn from this study:

1) Large sandurs, such as the Gwda sandur,
demonstrate more complicated internal architecture
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than was previously thought, and the division of
sandurs into proximal and distal zones according to
their sedimentological features is an
oversimplification.

2) The sedimentary features in the distal part of
sandurs indicate that the deposition was highly
energetic.

3) The palaeohydraulic parameters (flow depth, mean
flow velocity, and/or bed shear stress) estimated
based on the distal sediments are comparable with
those obtained for the proximal zones of other
sandurs.

4) The proximal zone of large sandurs can be shifted
over time according to the migration of an ice sheet
front.
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