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ARTICLE INFO ABSTRACT

Keywords: There is a unique glacial landscape system in the southern Zarnowiec Moraine Plateau of northern Poland. Here
Ridges surrounding pits the terrain is characterized by a very high concentration of ridges that are often adjacent to pits, which together
Morphometry

constitutes a special type of hummocky topography. The morphological diversity of the study-area ridges and pits
was determined from high-resolution lidar imagery that was qualitatively and quantitatively processed, then
analysed. Fourteen test fields of spatial dimensions 0.5 km x 0.5 km were selected within the moraine plateau for
detailed studies. The results show that the ridges and pits constitute a very dense network of approximately
circular, diverse-oriented forms of various sizes, most of which are linked to each other in a step-wise fashion.
The pits are surrounded by ridges of various heights and widths that separate one pit from another. A charac-
teristic feature of the studied pits is the orientation of their long axis. Form-based morphological analysis
revealed that their genesis was associated with a glacial rather than a periglacial environment. It is believed that
ridge orientation reflects a spatial pattern related to ice crevasses. A moraine plateau constituted a terrain
obstacle that acted as a counterslope to the advancing ice sheet. The studied landforms and landscape resulted
from the ice sheet's breaking up into dead-ice blocks of various sizes. The very dense system of perpendicular,
parallel, and diagonal crevasses was related to ice sheet advance from a northerly direction, resulting in a flow
around the obstacle and differences in ice-mass speed.

Digital elevation model (DEM)
Glacial topography
ZMP ridges and pits

1. Introduction

A digital elevation model (DEM) of extraordinary resolution based
on airborne LiDAR (Light Detection And Ranging), whose laser beam has
the capacity to penetrate through gaps in vegetation (Hofle et al., 2009),
enable not only an extremely precise analyses of landscape relief and
morphometric characteristics of forms (Ojala et al., 2019; Sookhan et al.,
2021; Adamczyk et al., 2022; Lopuch et al., 2023; Szuman et al., 2023)
and a reinterpretation of existing views on the evolution of the relief
(Lopuch et al., 2023), but also the discovery of new glacial landforms
that have been impossible to identify using traditional tools-including
triangular-shaped hummocks (murtoos) (Ojala et al., 2019, 2021;
Peterson and Johnson, 2021), glacial curvilineations within tunnel
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valley (Adamczyk et al., 2022), and post-glacial surface cracks
(Karasiewicz et al., 2023). Therefore, DEMs have a very wide applica-
tion in geomorphology and geology, and further utility extending into
other sciences such as archaeology (e.g., Stular et al., 2021).

The marginal zone of the Pleistocene ice sheets is usually charac-
terized by the topographically complex landscape formed due to
stagnant-ice melting. This type of landscape is commonly referred to as
dead-ice moraine, stagnation moraine, or hummocky moraine (Clayton
and Moran, 1974; Eyles et al., 1999; Boone and Eyles, 2001). Among
them, landforms of a roughly circular shape can be distinguished. These
forms of variable size are elongated or circular ridges, which are often
surrounded by a peat-filled basin. They are not solitary landforms but
occur in groups or clusters. Forms of this type are usually non-oriented
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with respect to ice-flow direction (Sutinen, 1992; Knudsen et al., 2006;
Sutinen et al., 2014). They are recorded in various regions of the world
and in various morphological situations (Aartolahti, 1974; Lagerback,
1988; Johansson and Nenonen, 1989; Eyles et al., 1999; Boone and
Eyles, 2001; Calmels et al., 2008; Sutinen et al., 2014; Paulen and
McClenaghan, 2015; Alexanderson et al., 2022). They are exemplified as
Pulju moraines (Johansson and Nenonen, 1989; Sutinen et al., 2014)
and Veiki moraines (Lagerback, 1988; Lindqvist, 2020; Alexanderson
et al., 2022), or as hummocky stagnant-ice features (Eyles et al., 1999;
Knudsen et al., 2006). They form in an irregular pattern of randomly
oriented oval depressions (Greenwood et al., 2023). Their origin is
associated with debris-covered stagnant ice downwasting into water-
filled depressions (e.g. Clayton and Moran, 1974; Lagerback, 1988;
Johnson et al., 1995; Eyles et al., 1999; Knudsen et al., 2006; Alex-
anderson et al., 2022), water-saturated diamicton that was forced under
pressure upwards into basal crevasses and fractures in the ice-sheet base
(Johansson and Nenonen, 1989; Eyles et al., 1999; Boone and Eyles,
2001; Sutinen et al., 2014) or, alternatively, as the subglacial meltwater
idea (Munro and Shaw, 1997; Peterson et al., 2017).

This research describes complex ridges and pits in the Zarnowiec
Moraine Plateau near Wejherowo in northern Poland (Fig. 1), as iden-
tified from digital relief models. The ridge and pit complex we present
here is morphologically unique within the areas covered by the last
Scandinavian Ice Sheet across the entire Central European Lowland.
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They are similar in setting to other features in the above- mentioned
region, but are distinct in their presentation as a series of ridges of
relatively uniform width that are circular, branching, straight or curved,
sometimes chain-like—that enclose depressions commonly filled <7 m
thick with lakes or organic sediments like lake gyttja and peat
(Blaszkiewicz and Danel, 2019). Btaszkiewicz and Danel (2019) associ-
ated the formation of these forms to the process of permafrost degra-
dation, calling them pingo remnants. Therefore, when setting out to
study the morphogenesis of the ridges and pits, we adopted two alter-
native research hypotheses to account for their genesis, the studied
forms are a result of periglacial processes, as a periglacial origin has
already been suggested by Blaszkiewicz and Danel (2019), or they arose
as a result of processes in a glacial environment. The research objectives
are to: 1) show the morphological characteristics of ridges surrounded
pits on the Zarnowiec Moraine Plateau; 2) determine their spatial dis-
tribution in the region and within the study fields; 3) identify the vari-
ability of ridges accompanied the pits; and 4) then discuss the genesis of
these features.

2. Study area and geological setting
The research area is located on the Zarnowiec Moraine Plateau in

central northern Poland and within the range of the last Scandinavian
Ice Sheet (SIS; Fig. 1). The morphological pattern of the area was formed

A
Dgbrze
Lake

Fig. 1. Location of study area against the background of: A. extent of Weichselian Ice Sheet (Wi — LGM, Pm - Pomeranian phase) and Saalian Ice Sheet (O —
maximum, Wa — Warta phase); B. large relief features; C. geological setting of study area (Danel and Borecka, 2020, revised); D. high-resolution digital terrain model.



B. Woronko et al.

during the ice advance from the north and subsequent ice-marginal
recession in the Pomeranian phase, which is dated to 16.8-16.7 ka
cal. BP (Rinterknecht et al., 2014; Tylmann et al., 2019, 2022; for a
compilation of previous studies see Marks et al., 2023). In the central
part of the Zarnowiec Moraine Plateau, there is a roughly east-west-
oriented watershed that peaks at 179.14 m a.s.l. (Wysoka Mountain). To
the north of this division, the surface of the plateau decreases to 106 m a.
s.l. in the vicinity of Lake Dabrze, and to the south it falls to ~70 m a.s.l.
in the vicinity of the Reda—Leba ice-marginal spillway. The Zarnowiec
Moraine Plateau typically has an undulating, hummocky character. Its
characteristic geomorphological features are hummocks, irregular
kettle-holes, and tunnel valleys with peat plains and finger lakes at their
bottoms (Fig. 1).

The Zarnowiec Moraine Plateau has a continuous cover of <260 m-
thick Quaternary deposits (Zaleszkiewicz, 2005a, 2005b). It is mainly
composed of till, glaciofluvial sand and gravel, sand, silt and clay,
accumulated during successive Pleistocene glaciations (Elsterian, Saa-
lian, and Weichselian). The surface of the study area has an almost
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continuous cover of Weichselian till (Fig. 1C) of thickness varying from a
few metres to >20 m. In a few places, that till is overlain by thick sed-
iments that in formation build ice-walled-lake plains. Within land de-
pressions (including tunnel valleys, larger kettle holes, and ramparted
depressions), there are often organic sediments like peat and lake gyttja.

The area of detailed study is part of a moraine plateau covering ~25
km?, which stretches to the west between the tunnel valley containing
Lake Czarne, to the east to a region of hummock hills, and to the north to
Lake Dabrze (Fig. 1C).

3. Methods

To show the morphological diversity of the ridges and pits in the
study area, 14 test fields were selected, each measuring 0.5 km x 0.5 km
(the area of each field being 0.25 km?). The test fields were selected to:
1) represent the diversity of ridges and pits in the study area; 2) include
relatively uniformly developed ridges and pits; and 3) locate different
altitudes and aspects within the plateau—i.e., on a slope with

Fig. 2. General view of location of ridges and pits in study area showing test-field locations (Al, A2, B1-B4, C1, C2, D1, El, F1, F2, G1, and G2).
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northern-southern exposure and on the top of plateau. Test fields were
designated on a plateau near the tunnel valley with Lake Czarne
(A1-A2), on a north-facing slope of the plateau (B1-B4 and E1), on the
watershed (F1, F2 and G1-G2), and on a south-facing surface of the
plateau (C1, C2, and D1; Fig. 2).

In order to conduct a detailed analysis of the terrain morphology,
high-resolution (1 m x 1 m) lidar, laser scanning data were processed
with 1-m horizontal resolution and average elevation error of 0.2 m. All
spatial analyses were performed using ArcPRO software, including: 1)
DTM visualizations; 2) form vectorization; 3) analyses of the morpho-
metric parameters of ridges and pits; 4) statistical analysis; and 5) a
summary of results. Additionally, scripts available in the Whitebox
Geospatial Analysis Tools package were used (Lindsay, 2016).

The ridges and pits were analysed in several stages (I-IV).

In stage I, multidirectional hillshade relief models with varying de-
grees of elevation (from 1 to 5) were generated. These images combine
visualizations of form lighting from six different directions. This made it
possible to visualize the relief shading, eliminating problems between
overexposed and shadowed areas of the map (Smith and Clark, 2005;
Nagi, 2014; Kokalj and Hesse, 2017, Chandler et al., 2018). In stage II,
rasters were generated using the openness parameter (Yokoyama et al.,
2002), which together with the slope and hillshade layers and using
appropriate combinations of symbolization parameters, enhanced the
readability and sensitivity of the Red Relief Image Maps (RRIM) relief
model (Chiba et al., 2008; Kokalj and Hesse, 2017; Daxer, 2020). In
stage III, the geomorphons algorithm was used on the processed DEM
model (Jasiewicz and Stepinski, 2013; Dabrowski and Jasiewicz, 2014).
The obtained geomorphon images facilitated the identification of
morphological features during their vectorization stage. Stage IV con-
sisted of compiling the terrain visualizations—i.e., DEM, RRIM, and
geomorphons. Analysis of the geomorphons allowed us to distinguish
ten topographical forms in the studied area, the main features being
slopes, then spurs, followed by valleys, hollows, ridges, footslopes, flat
areas, peaks, pits and shoulders.

The most characteristic relief features here directly relate to two
morphological features: 1) positive—ridges; and 2) negative—central
depressions that we refer to as ‘pits’ (Fig. 3). Each of the two form parts
were analysed separately. The ridge courses have been manually map-
ped as lines coinciding with their axes (Fig. 3). The pit shapes were
drawn using surface objects (polygons). For large pits, boundaries were

Geomorphology 466 (2024) 109434

taken to be ridge fragments protruding sometimes only 0.2 m above the
level of a pit's peat infill. Within the designated study fields, 1898 ridges
and 802 pits were analysed.

In work-stage V, morphometric parameters were calculated for the
vectorized objects. For negative forms (pits), the Minimum Geometry
Bounding tool and the Convex hull function were used (Jorge and Bren-
nand, 2017), the following parameters were calculated: 1) the major
axis (orientation) of the pits (oval; L); 2) the shortest axis of the pits
(Wy); 3) azimuth of major axis (D) for each polygon; and 4) the absolute
height of the pit's centre point (Cp; Fig. 3). Basin area (A) was calculated
from the outline of the basin's infill. The resultant data was used to
calculate the basin-elongation index using the formula:

(E=L/Wa) ®

The E parameter always takes a value >1. The closer the valueisto 1,
the more isometric the object is, i.e. the longer axis (L) is close to or
equal to the shorter axis (Wq).

To obtain the ridge-morphometric parameter, profiles perpendicular
to the ridge were determined, from the axis of the ridge to its foot (>95
profiles for each research field - A1-A2, B1-B4, C1-C2, D1, E1, F1, and
G1-G2), on which 3D Analyst tools were then used. Average parameters
were obtained for selected sections of the profile for relative height of
ridges (H) and average slope inclination (ag). Parameter H was calcu-
lated as the highest point in a shape profile, and was drawn perpen-
dicular to a ridge course. The shape's height was measured at several
points, taking into account the ridge-height differences within one form.
Ridge width (W) was determined by border measurements of the two
closest neighbouring pits (Fig. 3).

The density index of ridges per 1 km? (Dg) was calculated for all 14
test fields, according to the formula:

Dy =L, /As (2)
where L, is the sum of ridge lengths (km) in a given test field, and Ay is

the surface area of the test field (kmz).
Similarly, the density of pit per 1 km? (Dp) was calculated as:

Dp =nD/A; (3)

where np, - is the total number of pits in a test field, and Ay - is the surface
area of test field (km?).

— = 1 .
cross-section parametres of pit:

——= pit axis (L; Wy) L - length (m)
d X W - width (m)
e ridge axis A arez{nd)

ridge width (W,)

profile .
parametres of ridge:
W, - width (m)
- pit h - height (m)

a, - average slope inclination (°)

l:l ridge

Fig. 3. Morphological elements of tested ridges and pits and their measured parameters.
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Further, the percentage of the area occupied by pits was calculated
for each research field. Thus, a ridge—pit relationship was distinguished
in the studied area as based on the obtained results and qualitative
comparison through zones of similarly.

4. Results

In total, 801 pits and 1898 ridges were measured. They were divided
among the 14 test fields (A1, A2, B1-B4, C1, C2, D1, E1, F1, F2, G1, and
G2) that represent the diversity of ridges and pits in the study area
(Fig. 4). The forms differ in area (A), length of long (L), and short axes
(Wg), and the ridges' widths (W,), heights (H), and slope inclinations (as)
(Figs. 3-14).

4.1. Positive forms

4.1.1. Relief of ridges
The characteristic features of ridges in the studied area are as
follows:

Geomorphology 466 (2024) 109434

e The ridges are an integral part of the pits in that they are separate
from one another, and do not occur in isolation but connect to
neighbouring ridges in a branching or chain-like fashion (Figs. 5, 6).

All test fields are dominated by single ridges that are predominantly

curved, with a sharp ridge, a uniform width and profile, and steep

slopes (Fig. 6A, C).

e In test fields C1, C2, and D1, which are located on the southern slope

of the moraine plateau (Fig. 2), the ridges are wider than in the test

fields B1-B4, and have clearly marked flat tops surrounding large

pits. A top such features are small round pits with diameters of just a

few tens of metres (Fig. 6D, E).

Double-peaked ridges are recorded, resulting from ridges having

merged with those of adjacent pits. In this case the pit between two

ridges is not filled with peat (Fig. 6B).

e There are ridges that run parallel to each other, echoing their shapes
in close proximity to each other (Figs. 5, 6C). These are ridges whose
radius of curvature is in precisely the opposite direction (Fig. 6B).

e There are ridges that are not of uniform height along the entire
length of the ridge, ridges that surround a single pit. Sometimes these

Al A2

179 [ma.s.l]

-I I Y I I N N SO |

66

Fig. 4. Diversity of relief of ridges and pits within designated test fields (A1, A2, B1-B4, C1, C2, D1, E1, F1, F2, G1, and G2). For test-field locations, see Fig. 2.
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Fig. 5. Course of ridges surrounding pits in individual test fields. For test-field locations, see Fig. 2.

are linked to each other in a step-wise fashion or disappear below the
peat level (Fig. 6D).

Ridges surrounding pits commonly have a single or several similar
erosional score of small width and depth connecting adjacent pits,
possibly providing water drainage (Fig. 6B). Such forms may occur at
any ridge separating individual pits that are part of a step-wise
configuration. Some ridges have an amphitheatre shape, with high
walls on three sides and another open to the adjacent pit. Only a few
forms are enclosed by an unbroken ridge (e.g. as in fields B1-B4;
Figs. 5, 6D, E).

It is common for the ridges to form closed-ring forms, but not ridges
are like this. Elongated and parallel ridges occur, often with a slightly
wavy course (Fig. 6B, D, E), between which elongated pits occurs in
the form of a pit-accommodating valley that contains a pit but is not
currently used by flowing water (Fig. 6G).

e Ridge slopes present no signs of slope erosions (rills, gullies).

Some ridges are partly buried under peat cover (Blaszkiewicz and
Danel, 2019). Only the top of the ridge protrudes from under this

cover, attaining a height of only 0.15-0.20 m, or, on occasion, more
(Fig. 6H).

4.1.2. Statistical analysis

The height of the ridges ranges from 0.2 to 9.2 m with most between
0.7 and 2.6 m. The height of 90 % of the ridges does not exceed 4 m
(Fig. 7A; Table 1). The highest ridges were recorded in the G1 test field
in the east of the moraine plateau (Fig. 2). However, such high ridges
occur only occasionally. Test fields B1-B4 stand out clearly for the
height of their ridges, which is much higher than that of the other test
fields (Fig. 7A). All these test fields are located at the base of the
northern moraine plateau slope (Fig. 2). The lowest ridges were
measured in Al and A2 (Fig. 7A).

The width of the ridges ranges from 3.2 m to (in individual cases)
110 m, with most between 20 and 40 m. The ridges in test fields Al
(30-40 m) and G1 (20-30 m) have the most uniform ridge widths. This
parameter is most diversified in test fields Bl (27-56 m; Fig. 7C;
Table 1).

The slope inclination of ridges also varies both between fields and
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Fig. 6. Diversity of ridge forms surrounding pits: A. single ridge with cross-section A-A/, varied height of ridges surrounding single pit; B. double ridge and cross-
section B-B', C. two parallel ridges towards each other with cross-section C-C’; D. width ridge with a series of small pits with cross-section along the ridge D-D'; E.
width ridge with a series of small pits with cross-section parallel the ridge E-E; F. wide and low height ridges surrounding small diameter and size with cross-section
F-F’; G. elongated and parallel ridges with cross-section G-G’; H. ridges are partly buried under peat cover with cross-section H-H'.

within individual fields (Figs. 7B, 8A). The average slope inclination is
6°, while the maximum slope is 19-20°. Test fields B1-B4 are charac-
terized by the steepest slope, with an average above 7.5°. Field B3 stands
out clearly against this background, with an average slope inclination of
the ridges of 9.6°. However, test fields A1 and A2 have the shallowest
inclination of ridge slopes. The average values for these fields are 3.5°
and 4°, respectively (Fig. 8A; Table 1). In these test fields, this angle is

also the most uniform of all forms.

The differences between individual test fields are shown by the Dg
parameter—i.e. ridges density given as km/km?. It varies from 12.4 km/
km? in F1 to 21.3 km/km? in D1. Similarly high values were recorded in
test fields B2 (21.2 km/km?) and E1 (21.1 km/km?). There is also a
correlation between the height of ridges and their slope inclination. The
higher high the ridges, the greater its slop inclination (Fig. 8A; Table 2).
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1N

Fig. 9. Characteristic features of study area pit relief: A. pits linked to each other in a step-wise fashion with cross-section A-A’; B. amphitheatre arrangement of ridge
surrounding pit with cross-section B-B'’; C. fragments of ridges protruding above peat filling pit with cross-section C-C'.

4.2. Negative forms

4.2.1. Relief of pits
The pits on the Zarnowiec Moraine plateau have the following
characteristics:

e The pits occur in a network of many pits and are approximately (and
to varying degrees) circular in shape. Some are irregular in shape
(Figs. 9, 10).

e Pits are linked to each other in a step-wise fashion, with several pits
one above the other. They are separated from each other by a ridge
that is low on the side of the upper pit, while steep and relatively high
on the side of the lower pit (Fig. 10A). Groundwater levels in adja-
cent pits are perched at different heights, which suggests a low
permeability of the ridge-building sediments.

e Pits are separated by a uniform ridge rather than a wider divide
(Figs. 9, 10).

Some pits are surrounded by high, steeply sloping ridges on three
sides and open on one side to an adjacent pit. In such cases, the gap in
the ridge is wide with a similar height to its adjacent pit (Fig. 10B).
Some of the test fields (F1, F2, B4) contain pits with an exceptionally
large area and irregular shape that are referred to as compound pits
(Figs. 9, 10C). Often, the outlines of apparently buried ridges are
visible on their surface, slightly protruding above the level of organic
sediments (Fig. 10C).

A vast majority of pit bottoms have a flat surface characterized by
slight elevations associated with the presence of raised peat bogs
(Fig. 10A). In the case of compound pits there are the outlines of
buried ridges. In the case of small pits, high deviations of surface
levels are not recorded.

A vast majority of pits are filled with organic sediments—i.e. lake
gyttja and peat (Blaszkiewicz and Danel, 2019).

4.2.2. Statistical analysis

Pit-relief feature analysis results from the Zarnowiec Moraine
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Fig. 10. Pit-size diversity within test fields. For test-field locations, see Fig. 2.

Plateau area demonstrates that the number of pits in individual research
fields varies from 42 in field F1, through 55 in C2, to 62 and 66 in fields
F2 and G2. The G1 test field clearly stands out against this background as
to the pits in this field (Figs. 9, 11; Table 3). 87 % of them have an area
up to 3000 m?. However, pits with an area of up to 500 m? clearly
dominate among them (Fig. 12A). Compound pits (outliers) occur in the
F2 test field (28,108 m?), the B3 field (23,827 m?), and the B4 field
(16,384 m?) (Fig. 12A; Table 3). The first field is located in the upper
part of a northern-facing slope of the plateau and the other two reside at
its base (Fig. 2). Additionally, these same three text fields (B3, B4, and
F2) have the greatest pit variation in terms of surface size—i.e. next to
very large compound pits, there are small and very small (<200 m?)
ones (Figs. 11, 12). The smallest pit-surface areas are found in fields A1,
El, and G1, which are also characterized by the smallest differences in
sizes (Figs. 9, 11, 12). They are located on the plateau extending west of
Lake Czarne, in the upper part of northern-facing slopes, and upon the
moraine plateau (Fig. 2). The average pit sizes in these fields are 585 m?,
686 m?, and 639 m?, respectively. Pit shapes show that roughly oval pits
decidedly dominate, regardless of their size (Figs. 9, 13C), in which the
longer axis (L) ranges from 30 to 70 m. These constitute ~80 % of all
pits. There are also those in which the L value exceeds 200 m, although
their share is only 0.4 % of all pits; they were recorded in test fields B3
and F1 (Fig. 13C). A characteristic feature of the examined test fields is
the high variability of L-parameter values. The differences were greatest
in test fields B1-B4 and F1 and smallest in fields A1-A2, E1, and G1
(Fig. 13C; Table 2).

The value of the short axis (Wy) is in the range of 20-30 m for most
pits. These constitute 47 % (Fig. 8C). Similar to the L index, the length
Wy of the pit axis was most variable in test fields F1, B2, and B3.
Conversely, test fields Al, E1, and G1 vary the least in terms of this
parameter (Figs. 12C, 13B; Table 3).

The elongation ration (E) varies from 1 to 2, although values vary
within individual test fields; some individual pits reach 3-4, which is
indicative of extreme elongation. The average elongation ratios for test
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field range from 1.62 to 1.89. The highest average E values are recorded
in test fields B1, C1, and F1, and the lowest values occurred in test fields
Al and A2 (Fig. 13C; Table 2). There are very few basins that do not
show elongation (Fig. 9). Near-isometric pits are primarily a charac-
teristic of extreme size—i.e. are very large or very small (Fig. 13C).

The highest Dy, values are found for the G1 and D1 test fields, at 348
pits and 276 per km?, respectively. By contrast, the lowest values were
recorded in fields F1 (168 per km?) and E1 (184 per km?). Dp-index
values are also low in fields Al (192 per kmz) and A2 (196 per kmz).
However, in test fields B1-B4, this value ranges from 204 to 228 pits per
km? (Table 2).

Pit-longitudinal axis (L) orientation for all test fields show slight
variations in pit orientation, although all areas show a preferred orien-
tation. A prominent mode occurs in nearly all test areas between 310
and 340. However, other prominent modes also occur, including 10-30,
70-80, and 250-260 (Fig. 14).

Considering all the measured parameters of the pits themselves, as
well as the ridges, five zones (I—V) are identified (Fig. 15). Each zone
differs in pit and ridge morphology (Figs, 2, 5, 7-11, Table 3). The test
fields also differ in their a.s.l. position (Fig. 16).

5. Discussion
5.1. The origin of ridges and pits: analogous periglacial and glacial forms

The relief of the research area clearly differs from neighbouring re-
gions. The study area's characteristic feature is the cluster of ridges and
pits we describe here, which borders the vast Kkettle-hole-
accommodating Lake Dabrze to the north, the tunnel-valley-
accommodating Lakes Czarne and Zurawieckie to the east, the
Reda-tLeba ice-marginal valley to the south, and a field of hummocks
that clearly tower above their surroundings to the east. In this discus-
sion, the ridges and pits in the study area will be referred to as the ZMP
ridges and pits, named after the Zarnowiec moraine plateau (Fig. 2).
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Fig. 11. Diversity of size of pit area in test fields and

During the last glaciation, while the ice sheet was at its maximum
range, the studied area was in the marginal zone of the ice sheet
(Rinterknecht et al., 2014; Tylmann et al., 2019, 2022); it was the
Weichselian Ice Sheet glaciation that shaped the relief of this area
(Zaleszkiewicz, 2005a, 2005b). During the recession of this ice sheet,
permafrost aggraded on the surface of the freshly exposed glacial
landscape (Kozarski, 1986, 1991; Stowinski et al., 2015; Petera-Zganiacz
and Dzieduszynska, 2017; Woronko and Dabski, 2023). This permafrost
may have merged with relict permafrost originating from the advance
phase of the ice sheet (Blaszkiewicz, 2011; Van Loon et al., 2012).
Permafrost may have survived through the Bglling-Allergd warming in
the study area, and its partial aggradation most likely occurred during
the Younger Dryas cooling (Petera-Zganiacz and Dzieduszynska, 2017;
Dzieduszynska and Petera-Zganiacz, 2018). It was only with the
beginning of the Holocene, at the turn of the Preboreal and Boreal pe-
riods, that the final degradation of permafrost occurred in northern
Poland (Btaszkiewicz, 2011; Van Loon et al., 2012; Btaszkiewicz et al.,
2015; Stowinski et al., 2015). Therefore, when setting out to study the
morphogenesis of these ridges and pits, we adopted two alternative
research hypotheses for verification. The first one was that the studied
forms are the result of periglacial processes, and in opposition the sec-
ond one is that they arose as a result of glacial processes.

5.1.1. Periglacial origin of ridges and pits

Landforms with ridges and pits similar to those occurring in the study
area have been attributed to periglacial processes; some of them have
been called “ramparted depressions™ (Pissart, 2002, 2003; Demoulin
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et al., 2018; Ross et al., 2019). In the modern periglacial environment,
ridges and pits are either small in form (a few metres across) or large in
form (sometimes exceeding 100 m across) (e.g. Wolfe et al., 2014;
French, 2017). An example of the first are sorted circles. However, these
forms are much smaller than the ZMP ridges and pits, having a typical
very high spatial density but have a typical diameter of only 2-3 m and a
typical height of only 0.25 m (Hallet, 2013). The second forms are frost
mounds, such as collapsed pingos (Watson, 1975) or collapsed lithalsa
(French and Dimitroff, 2001; Pissart, 2002, 2003, 2013; Calmels et al.,
2008; Demoulin et al., 2018; Ross et al., 2019), which are generally
characterized by morphometric parameters similar to the ZMP land-
forms (Figs. 7-8, 11-13). On the contrary, collapsed pingos have a
similar shape and size in terms of the diameter and ridge height, which is
why Blaszkiewicz and Danel (2019) suggested linking the genesis of the
study-area ridges and pits with the collapsed pingos, which they were
referred to as doughnut-like “ring forms”. Only a small area comprised
of individual forms were analysed by Blaszkiewicz and Danel (2019).
However, we consider a collapsed pingo origin for the ZMP ridges and
pits to be very unlikely. Within the modern range of continuous
permafrost, pingos—despite having sizes similar to the study-area for-
ms—occur as single entities and their spatial density is usually low.
Jones et al. (2012) mapped 1247 pingo in an area of ~40,000 km? in the
western Arctic Coastal Plain of northern Alaska. This means that their
density is only 0.031 per km?. Grosse and Jones (2011) state that the
highest densities of pingos in Asia occur in the central Yakutian Lowland
near Yakutsk (28 pingos per 100 km?) and in the Anadyr River Valley
(28 pingos per 100 km?). For comparison, in the Mackenzie Delta region,
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their density is only <8 per km? (Stager, 1956). Wolfe et al. (2021) used
a High-Resolution Digital Elevation Model (HRDEM) to analyse pingos
on the western Canadian Arctic (WCA) coastal plain and showed that
their density is ~0.15 km?. For comparison, the density of the studied
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ZMP ridges and pits in the Zarnowiec plateau ranges from 168 to as
much as 348 per km? (Fig. 10; Table 2) and is very much higher than
what would expect from a pingo form density. Therefor based on these
comparisons, we consider it unlikely that the ZMP ridges and pits in the
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Table 1
Ridge and pit statistics.
Minimum  1st Median Mean  3rd Maximum
quartile quartile
Height 0.15 0.72 1.43 1.85 2.57 9.21
(m)
Avg slope 0.91 3.58 5.30 6.02 7.80 19.39
Ridge 3,24 21.76 29.76 32.10 41,35 110.11
width
(m)

study area are collapsed pingos.
Another form that should be taken into account in possible connec-
tions between the genesis of the study ZMP ridges and pits in a
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periglacial environment are lithalsas, or rather, remnant of collapsed
lithalsas (Pissart, 2003). Lithalsas are permafrost mounds formed by ice
segregation in mineral-rich soil (Wolfe et al., 2014; Calmels et al., 2008).
They have an almost perfect circular or oval shape with diameters
ranging from 30 to 90 m (50 m average) and are impounded by rim
ridges of mineralogenic sediment (Calmels et al., 2008; Pissart, 2013;
Demoulin et al., 2018; Ross et al., 2019). The remnants of lithalsa hol-
lows always contain peat (Pissart, 2003). They are rounded on quasi-
horizontal surfaces (<1°) and elongate on inclined surfaces (Demoulin
et al., 2018). The density of such forms is high, but the lack of data
makes it impossible to compare them with the studied forms. Lithalsas
are too small and too uniform in size compared the ZMP ridges and pits,
whose surfaces are also highly diverse (Figs. 7, 8) so therefor it is un-
likely that the ridges and pits here are collapsed lithalsas.
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Table 2

The main parameters of ridges and pits.
Field Sumofpitsarea  Sum of ridges Index density of Percentage of pit Aspect Frequency of Index density of =~ Mean elongation Field area

[m?] length [m] ridge per km? area in the field azimuth pits pits per km? ratio [E] [m?]

A2 43,250.45 4708.95 18.84 17.30 167 48 192 1.62 250,000
Al 27,352.73 4765.87 19.06 10.94 317 49 196 1.62 250,000
Bl 56,047.96 4615.57 18.46 22.42 322 52 208 1.80 250,000
B3 89,751.95 4763.79 19.06 35.90 2 51 204 1.68 250,000
B2 74,931.58 5306.21 21.22 29.97 354 57 228 1.63 250,000
F1 122,229.86 3105.22 12.42 48.89 16 42 168 1.79 250,000
El 31,586.6 5279.95 21.12 12.63 351 46 184 1.68 250,000
Cl 69,764.83 4817.39 19.27 27.91 208 55 220 1.89 250,000
Cc2 72,975.61 5063.5 20.25 29.19 226 66 264 1.72 250,000
Gl 52,263.81 6176.46 24.71 20.91 46 87 348 1.75 250,000
D1 63,689.73 5323.3 21.29 25.48 305 69 276 1.69 250,000
B4 108,033.17 4350.04 17.40 43.21 43 51 204 1.72 250,000
G2 58,108.23 4938.6 19.75 23.24 81 66 264 1.75 250,000
F2 89,827.09 4120.83 16.48 35.93 357 62 248 1.67 250,000

Table 3

Pit-parameters statistics.

Minimum 1st quartile Median Mean 3rd quartile Maximum

Area (m?) 38.13 303.04 597.85 1435.42 1603.00 28,108.70
Length (m) 8.04 24.39 36.76 48.32 61.68 247.63
Width (m) 6.28 15.72 21.68 28.46 36.21 157.16
Elongation ratio [E] 1.03 1.32 1.58 1.72 1.97 4.60

5.1.2. Glacial origin of ridges and pits

Based on the arguments we present here and the morphology of the
ZMP ridges and pits, we interpret the ridges and pits to have been made
during downwasting of the Weichselian glacier margin. Zaleszkiewicz
(2005a, 2005b) suggests that the ice retreat in the area occurred in a
downwasting manner; this is supported by the presence of hummock
forms and large kettle-holes associated with the melting of buried ice.
The final melting of dead ice in the study area took place just at the
intersection of the Preboreal-Boreal transition (Btaszkiewicz, 2011; Van
Loon et al., 2012; Blaszkiewicz et al., 2015; Stowinski et al., 2015;
Wojciechowski and Jonczak, 2023).

There are not many examples of glaciogenic forms reported in the
literature that are analogous to the ZMP ridges and pits (Aartolahti,
1974; Lagerback, 1988; Mollard, 2000; Munro and Shaw, 1997; Knud-
sen et al., 2006; Clayton et al., 2008; Evans et al., 2007; Alexanderson
et al., 2022). The ZMP ridges and pits are associated with the knob-and-
kettle topography of hummocky moraine, which is composed of non-
oriented, chaotically organized of hummocks (Eyles et al., 1999; John-
son and Clayton, 2003; Clayton et al., 2008). Hummocky moraine forms
at ice-sheet margins, which in the study case had flowed upslope against
underlying topographic obstacles (Clayton and Moran, 1974; Eyles
et al.,, 1999; Evans and Evans, 2022) following large-scale ice surging
(Alexanderson et al., 2022). Among the numerous features associated
with hummock that are circular similar to the ZMP ridges and pits are
doughnut-like rim ridges, linear ridges, kettle holes, Pulju mroaines,
Veiki moraines, and ice-walled lake plains, all of which have curvilinear
or circular relief (e.g., Benn, 1992; Ham and Attig, 1996; Eyles et al.,
1999; Knudsen et al., 2006; Clayton et al., 2008; Evans et al., 2007;
Alexanderson et al., 2022).

Pulju moraines are non-oriented, and their shape varied from semi-
circular to arcuate ridges/moraine hummocks (Aartolahti, 1974;
Johansson and Nenonen, 1989). Their widths vary from 30 to 100 m in
Finnish Lapland (Sutinen et al., 2014).

Veiki moraines in northern Sweden are nearly circular elevated
plateaus surrounded by ridges that are separated by pits (Lagerback,
1988; Alexanderson et al., 2022). This type of moraine consists of flat-
topped mounds, often with rim ridges, and are interpreted commonly
as pre-Late Weichselian ice-walled-lake plains covered by till of the most
recent glaciation (Lagerback, 1988; Clayton et al., 2008; Sigfiisdottir,
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2013; Alexanderson et al., 2022; Allred et al., 2014). Veiki moraines are
larger than Pulju moraines. Both are found in northern Finland and
Sweden. Veiki moraine is morphologically and stratigraphically distin-
guished by the presence of overriding ice, such as occurs with weak
drumlinisation (Lagerback, 1988). The ZMP ridges and pits do not sur-
round plateau comprised of lake sediment.

As it is unlikely that the ridges and pits where formed in a periglacial
environment, and because they occur within a proglacial position that is
characterized by many landforms associated with ‘hummocky moraine’,
‘stagnation moraine’, or ‘dead-ice moraine’ terrain, we interpret these
ridges and pits to have formed by the melting of stagnant ice that was
rich in glacial debris. The study ZMP ridges and pits are distinguished by
the fact that they do not form plateaux separated from each other by a
flat surface; on the contrary, adjacent pits are separated from each other
by a ridge. Moreover, they are generally ovoid, and sometimes even
round (Figs. 4-6, 9-10). We suggest that this is an area of unique glacial
relief whose origin is probably related to the ice sheet's stagnation, then
its final disintegration here. We propose calling such glacial relief “ZMP
ridges and pits”.

Undoubtedly, the subglacial pre-Weichselian topography of the area
played an important role by presenting a counterslope for the advancing
ice sheet (Fig. 2). We suggest that the ridges and pits formed through the
degradation of a stagnant ice-sheet front into blocks of dead ice. That ice
in degradation divided into many blocks of very different sizes, although
these were usually small or very small. Only in the case of compound pits
did the large blocks begin to divide into smaller ones during progressive
deglaciation (Gravenor and Kupsch, 1959); hence the traces of ridges
can be found at pit bottoms (Figs. 9, 10). Pit density (Dp) (Table 2) in-
dicates that the ice surface must have had very high crevasse density.
Forms such as crevasses may be indicative of the influence of previous
live ice, which are described as ‘controlled’. Such control can be pro-
vided by fractures and thrust planes that respond to the stresses acting in
the live ice (Gravenor and Kupsch, 1959). This finding may be linked to
surge-type ice-mass dynamics because: 1) surging glaciers commonly
contain a complex system of crevasses (Ben-Yehoshua et al., 2023; Van
Wyk de Vries et al., 2023); and 2) surging glaciers (Clayton et al., 1985)
can create abundant supraglacial debris that could provide ridge-
building material. Moreover, we compare the pit orientations with the
expected stress directions of the surging glacier to check if the ridge and
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Fig. 15. Division of studied area into zones (I-V) based on topographical diversity of ridges and pits.

pit system could be crevasse related. Crevasses tend to develop wherever
tensile stresses exceed the strength of ice (Vornberger and Whillans,
1990; Benn and Evans, 2010) and are always oriented at right angles to
the stress direction. Also, where lateral shear acts, longitudinal crevasses
are approximately oriented parallel to the direction of ice flow and at an
angle of 45° (Benn and Evans, 2010; Christoffersen et al., 2005; Evans
et al., 2007; Kjer et al., 2008; Colgan et al., 2016; Jennings and Ham-
brey, 2021; Van Wyk de Vries et al., 2023). It has been shown that these
nearly vertical crevasses can extend from the base of the ice to the
surface (Evans and Rea, 1999; Johnson et al., 2010). Crevasses can vary
in scale, from metres long in valley glaciers and glacial cirques to tens of
kilometres long at the margins of the Antarctic Ice Sheet (Van Wyk de
Vries et al., 2023). A reconstruction of fracture orientation in the ice
sheet covering the Zarnowiec Moraine Plateau is crucial to under-
standing if such a ridge system can be explained by a hypothetical
crevasse system. However, the system of crevasses was most likely very
complicated and may also have changed over time (Van Wyk de Vries
et al., 2023).

The study area's ice sheet most likely advanced from the north or
north-north-west. Crevasses perpendicular to the movement of the ice
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sheet correlate with this direction (Benn and Evans, 2010; Christoffersen
etal., 2005; Evans et al., 2007; Kjeer et al., 2008; Jennings and Hambrey,
2021; Van Wyk de Vries et al., 2023). A crevasse fill origin is strength-
ened because the expected crevasse orientations in the ice, based on ice-
flow directions, are similar to the orientation of the ridges. This direction
is evident in test fields B1 and B2 in the most northern part of study area,
expressed as L-axes orientation pits at N70-80E. On the eastern site/
slope of the plateau, the ice sheet has adapted to its instream obstacle, as
indicated by the direction of the N10-20E L-axis pits in test fields F2, G1,
and G2 (Fig. 14). The presence of the obstacle also resulted in tensile
stresses and extensional movement of the ice. The orientation of the
longer axis of the pits (L) shows that the direction of these tensile
stresses, along with extensional movement, is parallel to the NNW-SSE
direction of ice movement. This orientation is recorded in the western
test fields C1 and C2 (zone V) and in the eastern fields B3 and B4 (zone
II), and is perpendicular to the general slope angle in these zones
(Figs. 14, 15). The speed of this ice must have been greater than that of
the ice crossing the obstacle. At the boundary between faster and slower
flowing ice, crevasses may have formed obliquely to the preceding ones
(Jennings and Hambrey, 2021; Van Wyk de Vries et al., 2023). In test
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Fig. 16. Size diversity of pits depending on location above sea level.

fields C1 and C2, they are marked by the direction of the longer axis of
pits (L) being oriented NNW-SSE. This system is oriented at ~10-30° to
the N-S-oriented crevasses (Fig. 14). They may represent Chevron-type
crevasses, which are oriented obliquely up-glacier because of shear
stresses acting at the glacier's margins (Jennings and Hambrey, 2021).
The obtained results show how complex the crevasse system was in this
area. Moreover, the spatial density of crevasses and the associated ridges
very much remain to be understood. Research to date shows that some
glaciers and ice sheets have high density of crevasses. Examples include
two glaciers in Trygghamna on Western Svalbard (Ben-Yehoshua et al.,
2023), Eyjabakkajokull glacier in eastern Iceland (Lamsters et al., 2022)
and Narsap Sermia glacier (Van Wyk de Vries et al., 2023) or the Store
Glacier in Greenland (Chudley et al., 2021). In many cases, their very
high density of crevasses are associated with surge-type glaciers or rapid
and extensional ice flow (Benn and Evans, 2010; Ben-Yehoshua et al.,
2023). This same phenomenon may account for the creation of a system
of crevasses and the associated complex of ramparted depressions as
expressed on the Zarnowiec Moraine Plateau (Fig. 2).

6. Conclusions

Detailed morphometric analyses of ridges and pits in the Zarnowiec
Moraine Plateau (N Poland) facilitates the following conclusions:

a) Ridges and pits are characterized by great diversity. Specifically,
they form a very dense network of forms of various sizes that are
roughly circular and diversely oriented. Most of them are linked to
each other in a step-wise fashion. The pits are surrounded by ridges
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of various widths and heights. Large forms are referred to as “com-
pound pits”.
Their diverse morphometry allowed us to distinguish five zones
(I—V) covering different parts of the morainal plateau. Each zone has
its own distinct set of characteristics that mark the development of its
ridges and pits system. This distinction includes the inclination of the
slopes (Fig. 2), the density of the studied forms, and—above all—the
orientation of the longer axis of the pits (L) (Fig. 14). The fields also
differ in their a.s.l. position (Fig. 16).
¢) The morphometric parameters of the study forms compare with
forms from various morphogenetic zones as reported elsewhere,
indicating that they can be associated with a past glacial
environment.
d) The formation of such glacial relief is related to the ice sheet having
been particularly high crevasses density in this area along with the
division of dead ice into blocks of various sizes. A surge-type ice mass
experienced progressive deglaciation, forming pits. These pits were
subsequently transformed through organic-sediment infill. The sub-
stantial cracking of the ice was the result of the ice sheet crossing a
large terrain obstacle that constituted a counterslope for a advancing
ice sheet. The complex crevasse system consisted of fractures
perpendicular to ice flow, parallel ones related to tensile stresses in
association with extensional ice movement, and Chevron-type cre-
vasses that were oriented obliquely up-glacier, being related to dif-
ferences in speed between ice masses crossing and flowing around an
obstacle.
Ridges and pits in the study area create a special type of hummocky
moraine. Due to the specificity of the study forms and their very high
spatial density, which is incomparable to other forms of this type

b)

—

e
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occurring in a glacial environment, we propose to call this type of
glacial relief “ZMP ridges and pits.”
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