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A series of polygon networks has been discovered on the most recent LiDAR (Light Detection and Ranging) DEM
(Digital Elevation Model) of Flanders (Belgium) available in a resolution of 1 m2. They are located in the sandy
Campine area (northern Belgium) and resemble thermal contraction crack polygon networks from present-
day permafrost regions. Different network types were observed, ranging from orthogonal to hexagonal and var-
ious combinations of these. The inter-polygon troughs are typically several decimeters deep and up to several
meters wide. The average polygon size is ca. 3000m2, which is equivalent to a diameter of ca. 60m if the polygon
shape is approximated with a perfect circle, or a side of ca. 55m length if it were to be approximated by a perfect
square. The average size is (much) larger than any of the studied present-day analogues, and also larger than fos-
sil networks in the western part of Flanders, Poland and France. In contrast to the Campine polygons presented
here, the fossil analogues in these countries were detected using satellite imagery and orthophotos, which may
partially explain the observed size differences. The morphometric analysis of the Campine networks shows rela-
tionships between polygon type and local geomorphological position as orthogonal networks seem to have a
preference to develop near shallow valley slopes. In addition, GPR (Ground Penetrating Radar) radargrams
were acquired across polygon boundaries to investigate subsoil disturbances related to the former position of
ice wedges or sandwedges. However, the evidence is not unequivocal due to the low dielectric contrast between
the host andwedgematerial. It is not clear yetwhether smaller 2nd and 3rd order cracks did develop butwithout
leaving a topographical imprint. The observed polygon networks in the Campine area are interpreted as first-
order networks that developed during a time span of several thousands of years, up to 10 kyr atmost, in a former
Late Weichselian permafrost climate.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Present-day lowland permafrost regions around theworld have a set
of characteristic landscape features that are unique to the environment
which they are being formed in. One such particular feature is the pres-
ence of patterned ground, in the form of polygonal networks. They are
thought to be the result of thermal contraction cracking of the soil,
under cold climatic conditions and strong vertical temperature gradi-
ents in the upper part of the soil (e.g., Lachenbruch, 1962). The thermal
contraction cracks tend to organize themselves into a polygonal net-
work, the shape and dimensions ofwhich are supposed to bedependent
on (sub)soil characteristics, the local geomorphology, soil moisture,
vegetation, temperature gradient, mean annual temperature and dura-
tion of permafrost conditions (see, e.g., Ulrich et al. (2011)).

Many polygon networks have been observed on aerial photographs
from regions that are located outside the present permafrost bound-
aries, which is seen as evidence for these regions to have once experi-
enced cold climate conditions with permafrost development. Such
networks have for instance been identified in the Netherlands (de
Gans, 1983), Poland (Ewertowski et al., 2017), France (Bertran et al.,
2013; Andrieux et al., 2016) and Belgium (Ghysels and Heyse, 2006;
Ghysels, 2008). The polygons are usually preserved as cropmarks (or,
more in general, vegetation marks in the case of grassland), and often
their traces are vague, time transient and dependent on weather condi-
tions. Arctic analogues are known to be visible on detailed digital eleva-
tion models (DEM), because the crack is usually marked as a weak
topographic low in the landscape. Remarkably, similar structures have
been observed on recent LiDAR (Light Detection and Ranging) images
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of the Campine area, NE Belgium. The presence of past permafrost con-
ditions in northwestern Europe, including theCampine area, has already
been evidenced by numerous observations of ice-wedge casts and relict
sand wedges in geological outcrops, that are interpreted as fossil ther-
mal contraction cracks (Gullentops et al., 1981; Vandenberghe, 1983;
Vandenberghe and Pissart, 1993; Ghysels and Heyse, 2006; Kasse
et al., 2007).

Relict periglacial features have been used in the past for the recon-
struction of the former distribution and characteristics of permafrost,
in the context of palaeoclimatological research (e.g., Ballantyne and
Harris, 1994). These features include, amongst others, near-surface
cryogenic structures in unconsolidated sediments (e.g., ice-wedge
casts, sand wedges, polygons, cryoturbations), mass-wasting landforms
and structures (e.g., solifluction sheets and lobes), and aeolian and
niveo-aeolian features (e.g., sand dunes). However, a number of re-
searchers have urged caution over the use of this type of evidence as
present-day Arctic areas are not necessarily good analogues for the
periglacial regimes that prevailed in the mid-latitudes during former
cold stages, since the latter would have experienced quite different
solar radiation cycles from those that prevail at the poles today (Lowe
and Walker, 1997). The overall objective of this study is to frame
the newly discovered polygon networks in the Campine area within
the present-day knowledge on past periglacial environments and
palaeoclimate of the mid-latitudes (lowland Europe). Firstly, the ob-
served networks will be mapped and quantified in terms of shape
and dimensions in order to trace internal systematics with respect
to local conditions such as subsoil and topographical variations. Sec-
ondly, the significance of LiDAR DEM observed networks will be ex-
plored by comparing them to vegetation marks and GPR (Ground
Penetrating Radar) images, whenever available, and present-day
and fossil analogues. Finally, this would allow us to formulate several
meaningful characteristics of former permafrost conditions in the
Campine area, and how they governed the development of the poly-
gon networks.

2. Regional setting

The study area is located in the Campine region, a sandy region in the
European Sand Belt, which covers part of northern Belgium and the
southern Netherlands (Fig. 1). The Campine region belongs to the geo-
logical Campine Basin, a subsiding areawhich takes an intermediate po-
sition in between the uplifting Brabant and Ardennes Massifs to the
south, and the rapidly subsiding Roer Valley Graben to the northeast.
Continued subsidence caused the Campine Basin to fill with several
hundreds of meters of Neogene sediment, mainly sand with some
clayey intervals. During the last 0.5 Ma, and perhaps even earlier, the
a) b)

Fig. 1b

Fig. 1. (a) General location of the Campine region in western Europe. (b) Digital Elevation Mod
study area (Campine Clay cuesta), B: Land van Waas (Boom Clay cuesta), C: Central Western-F
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region was exposed to large-scale denudation and erosion (Beerten
et al., 2020; Fig. 2a).

The Late Pleistocene subcropmap (Fig. 2b) shows the distribution of
the main Plio-Pleistocene sediments in the region, excluding local aeo-
lian andfluvial deposits (H3O –De Kempen; Vernes et al., 2018). In gen-
eral, the sediments are sandy with several sparse and thin peat beds,
especially in the Pliocene Mol Formation, and in the Early Pleistocene
Malle Formation and Stramproy Formation. The Early Pleistocene
Weelde Formation contains several distinct clay layers reaching a thick-
ness of several meters. Finally, the Early to Middle Pleistocene Sterksel
Formation is a Rhine deposit consisting of coarse sandwith some gravel,
reaching a thickness of severalmeters. All formations gently dip and be-
come younger towards the north. Mostly, the formations mentioned
above are covered with a thin layer of Late Pleistocene to Holocene
sand, mostly aeolian and sometimes building up a dune relief, and flu-
vial deposits in the river valleys, consisting of a mixture of sand, silt,
clay and peat. As a result of these shallow sandy cover layers, the dom-
inant soil texture in the region is sand, according to the Belgian soil clas-
sification system (Geopunt, 2017).

The clayey Weelde Formation is responsible for the existence of a
cuesta in the region, the so-called Campine Clay cuesta (Fig. 2a). It
forms a positive relief, relative to the area south (belonging to the
Scheldt catchment) and north (belonging to the Meuse catchment) of
it, due to its larger erosion resistance comparedwith the unconsolidated
fine sands of the underlying and overlying formations. The southern
limit of the Weelde Formation marks the edge of the cuesta (compare
Figs. 1, 2a and b) aswell as the southernmost extent of a relatively shal-
low clay layer in the subsurface. Note that the Weelde Formation con-
tinues to the north of its Late Pleistocene subcrop area, underneath
the Stramproy and Sterksel Formations.

The reconstructed Weichselian palaeotemperature curve for Flanders
is given in Fig. 3 (Govaerts et al., 2016). The curvewas initially constructed
for Weichselian permafrost depth calculations in the Netherlands (bor-
dering Flanders) but used here as an approximation for the last glacial
temperature history of Flanders. Estimates for the mean annual air tem-
perature (MAAT) duringMIS5 (marine isotope stage 5) are based on pol-
len data from van Gijssel (1995), but replotted against a more recent
chronostratigraphical framework for the Weichselian glaciation (see
e.g., Busschers et al., 2007). The main features of the MIS5 climate are
the relatively cold stadials 5b and 5d, with anMAAT of−2 °C, and the rel-
atively mild interstadials 5c and 5a, with anMAAT of +4 °C. The first pe-
riod with continuous permafrost development in Flanders would have
been MIS4, with MAAT values dropping to as low as −4 °C and even
−8 °C for the end ofMIS4. These values are based on periglacial deforma-
tion phenomena (e.g., ice-wedge casts and large-scale involutions) in the
shallow subsoil and their present-day distribution in areas of stable
el (DEM) of Flanders (AGIV, 2014), showing the areas of interest mentioned in the text. A:
landers hilly region.
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Fig. 2. (a) Distribution ofmapped polygons in the Campine area against theDEM. The sites are abbreviated as follows: SB=Staatsbossen Ravels, KV=Kijkverdriet Ravels, LM=Liereman
Oud-Turnhout, KH = Koevenheide Turnhout, LV = Langvenstraat Turnhout, DV = Dekkersven Vosselaar, ME = Mellen Turnhout, GR = Grote Reesdijk Turnhout, TB = Tikkebroeken
Kasterlee. The dotted line indicates the southern boundary of the clay-rich Weelde Formation, and coincides morphologically with the boundary between the Campine Clay cuesta in
the north, and the sandy Brasschaat Pediment in the south. (b) Distribution of mapped polygon nets in relation to the geology of the study area (Vernes et al., 2018). The Weelde
Formation contains several distinct estuarine clay layers and dips towards the north underneath the fluvial Stramproy and Sterksel Formations. The dominant lithology in the Sterksel,
Stramproy, Malle, Merksplas and Mol Formations is fine to coarse sand. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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continuous permafrost (Vandenberghe and Pissart, 1993; Huijzer and
Vandenberghe, 1998; Vandenberghe et al., 2014). The following MIS3 is
characterised by a somewhat milder climate, showing less periglacial de-
formation of the subsoil. Analysis of flora and fauna preserved within
MIS3 sediments, and the type and nature of periglacial deformation
shows that some interstadials might have reached an MAAT between 0
°C and +6 °C (e.g., Upton Warren, Hengelo and Denekamp interstadials;
Huijzer and Vandenberghe, 1998, Busschers et al., 2007 and van Gijssel,
1995), and several stadials would have reached an MAAT as low as−4
°C (e.g., Hasselo stadial; Busschers et al., 2007). Subsequently, the cli-
mate evolves towards the Late Glacial Maximum (LGM), which is sit-
uated inMIS2. Data for this stage is mainly derived from Renssen and
Vandenberghe (2003) and Buylaert et al. (2009), and is based on the
presence and type of periglacial deformation phenomena. The MAAT
for the period between 28 ka and 15 ka would not have exceeded 0
°C, while some periods show MAAT values as low as −8 °C. The end
of MIS2 is characterised by stepwise global warming, showing significant
3

variations between interstadials (Alleröd-Bølling) and stadials (Younger
Dryas). Finally, present-dayMAAT values of around+10 °C are attributed
to MIS1. In general, the period around the LGM (ca. 20 ka) is thought to
have been characterised by severe aridity, as well as the following
millennia, until the start of the Late Glacial around 15 ka BP (Kasse, 2002).

As can be seen from Fig. 3, suitable time windows for the develop-
ment of thermal contraction crack polygons are not very numerous
and rather short. For sandy soils to crack in discontinuous permafrost,
anMAATof−3/4 °C or less is needed, and cracking in continuous perma-
frost would need an MAAT below−8/9 °C (see references in Section 2).
The latter condition is only met during MIS4 and MIS2, for a duration of
around 5 kyr.

3. Formation mechanism of contraction crack polygons

The development of thermal contraction cracks can be ascribed to
the repeated freezing and thawingof the soil in areaswith a cold climate



Fig. 3. Best estimate temperature evolution for the Weichselian glaciation in Flanders
(Govaerts et al., 2016). Pale shading refers to the temperature interval where continuous
permafrost may be expected in fine-grained material (clay, silt) and discontinuous
permafrost in coarse-grained material (sand, gravel), while dark shading indicates the
interval where continuous permafrost may be expected in coarse-grained material as well.
The curve is based on data from van Gijssel (1995), Huijzer and Vandenberghe (1998),
Renssen and Vandenberghe (2003), Busschers et al. (2007) and Buylaert et al. (2009).
Marine isotope stages (numbering 1 to 5e) are taken from Busschers et al. (2007) and
references therein. The oxygen isotope curve is reproduced from NGRIP (2004) data.
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that experience permafrost or deep seasonal frost (Lachenbruch, 1962).
In winter, the soil freezes completely and a thin crack is formed by ther-
mal contraction. During the next summer and early autumn, when the
upper part of the soil is thawed (the active layer), water is seeping
through the crack into the frozen soil below the active layer and freezes.
In permafrost regions, this process may be repeated several 100 times,
such that an ice wedge is formed. Thermal contraction cracks organize
themselves into a network. A physical explanation for the mechanics
of the evolution of these cracks was first proposed by Lachenbruch
(1962). A necessary condition for soil to crack under thermal loading
(contraction) is an episode of large temperature gradients in the
upper soil (active layer) above the permafrost table, as a result of a sud-
den air temperature drop (French, 2007). The mean annual air temper-
ature (MAAT) at which cracking would occur has been estimated to be
<−3/4 °C for clay, silt and peat and <−6/8 °C for sand and gravel
(Romanovskii, 1985; Vandenberghe and Pissart, 1993; Ballantyne and
Harris, 1994). The unique relationship between ice-wedge formation
and MAAT has been criticized by, a.o., Murton and Kolstrup (2003)
who argue that fossil ice-wedges in general can be used to infer past
permafrost only, and not the severity of the permafrost (ground tem-
perature), and by Plug andWerner (2001) who argue that wedge spac-
ing andwidth in ice-wedge networksmainly reflect infrequent episodes
of rapidly falling ground temperatures rather than mean conditions. In-
deed, amongst others, insulation by snow and/or vegetation may alter
the atmosphere-soil coupling and reduce the accumulation of thermal
stress, thus limiting continuous frost cracking (French, 2007; Kokelj
et al., 2007). The initial polygon size is believed to depend mainly on
two parameters, namely the temperature gradient in the upper soil
and the rheology of the frozen ground. In theory, larger temperature
gradients will lead to more cracks and thus smaller polygon size
(French, 2007). Furthermore, the coefficient of thermal expansion
plays a major role since it is much larger for ice-rich fine-grained mate-
rial than for ice-poor coarse-grained material. As a result, polygons are
generally smaller in ice-rich clay soils (Lachenbruch, 1962, 1966).
With regard to polygon form, the stage of development seems to be
an important governing factor. According to Lachenbruch (1966),
French (2007) and Haltigin et al. (2012) polygon networks tend to be-
come more regular and the polygon intersections more rectangular
4

with time. Consequently, secondary and even tertiary cracks form, lead-
ing to the subdivision of existing polygons. As a result, the final polygon
size, as seen in the field, will be smaller. Anisotropy such as systematic
topography and horizontal stress differences (e.g., a bordering escarp-
ment) usually favours the formation of oriented and orthogonal net-
works, while uniform cooling of a homogeneous soil promotes the
development of hexagonal networks (Lachenbruch, 1962; French, 2007).

Sletten et al. (2003) on the other hand hypothesize another evolu-
tionary path for thermal contraction crack polygons, based on field
work in the Dry Valley of Antarctica. According to their interpretation,
young polygon nets are large and often orthogonal, which they describe
as the initiation phase. With time, they evolve into a network of more
evenly spaced orthogonal and non-orthogonal cracks subdividing the
large polygons; this is the developmental phase. Finally, mature poly-
gons are regular with non-orthogonal cracks. This evolution scheme is
slightly different from the one that Haltigin et al. (2012) and Ulrich
et al. (2011) put forward, suggesting that polygons become more or-
thogonal with age.

4. Materials and methods

Polygon networks were identified on the LiDAR-derived DEM of the
Campine area (AGIV, 2014), and some of themwere verified in the field.
Subsequently these networks were digitized using QGIS software,
which resulted in a series of shapefiles. Only the best visible parts of
the polygon networks have been mapped, the total network may
often be broader. The networks were then qualitatively classified ac-
cording to the scheme of French (2007): orthogonal, random orthogo-
nal, random mixed, random hexagonal, hexagonal. Next, polygon size
parameters (mean area (MEAN), median, standard deviation (STD),
minima and maxima) and the percentage of orthogonal (ORTHO) and
4-ray intersections (i.e., a junction of 4 polygon boundaries; 4RAY)
were quantified for various polygon networks (QGIS). As indicated
above, these metrics are informative about the initial conditions and
evolution of polygon networks.

As to understand the inter-network polygon variation due to differ-
ences in substrate and/or soil characteristics, the obtainedmetrics were
tested against subsurface parameters from the digital soil map of Flan-
ders (Geopunt, 2017) and various geological models (Geopunt, 2013;
Vernes et al., 2018). Finally, network characteristics were compared
with present-day and Late Pleistocene analogues from the northern
hemisphere, as found in the literature. Note that these are based on air-
borne imagery, not detailed DEM images.

Subsurface information was acquired using Ground Penetrating
Radar (GPR). This survey deployed a Mala GPR-systemwith ProEx con-
trol unit. A 250MHz shielded antenna (mounted on a rough terrain cart,
profile 257) and 100 MHz shielded antenna (in towing mode, profiles
291–301) were used. Within the soil conditions of this study, the 250
MHz antenna yields a resolution of 10–15 cm and penetration depth
of ±2–3 m, while the 100 MHz gives a lower resolution (±30 cm) but
deeper penetration (up to ±6 m). The sampling interval along the pro-
files was 4 cm for profile 257, and 5 cm for profiles 291–301. XY-
coordinates of the sampling points were recorded by connecting a
GPS-device to the control unit of the GPR. Post-processing was per-
formed in RadExplorer, and included DC offset removal, amplitude cor-
rection (for spherical divergence) and bandpass filtering. Estimates of
the electromagnetic wave propagation velocity in the subsurface (in
the range of 5.4–6.3 cm/ns) were obtained for the study area by fitting
theoretic hyperbolas to observed diffraction hyperbolas in the data.
This allows to convert the depth scale in which the data was acquired
(i.e. nanoseconds two-way travel time) to depth in meters. Each profile
was corrected for topographical variations, using a modelled depth-
width relationship for the troughs delineating the polygons, based on
the LiDAR images.

Although there are limitations to using them as present-day ana-
logues, exploring current polygon networks in Arctic (and Antarctic)
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regions and comparing their characteristicswith fossil onesmay yield at
least some supplementary information on the initial conditions, the
subsequent development and the palaeoenvironmental context of the
observed fossil networks. The analogues are situated in the northern
hemisphere (Canada, Alaska and Norway), roughly between 60 and
80°N (Table 1). Their selection is primarily based on the availability
and accessibility of data on various polygon parameters, and if not avail-
able from the published study, the possibility to derive them from the
digitalization of accompanying maps. The analogues in Table 1 are
ranked according to the present-day MAAT at the site. Although they
cover a wide range of MAAT values and are found in various different
latitudes, the analogue sites have a few characteristics in common.
They are usually located near the coast, at a low altitude, in a sparsely
vegetated environment mostly on loose granular sedimentary soil.
They are obviously located in regions that are experiencing continuous
permafrost, in a cold climate with low precipitation values (usually
below 300 mm/year) and a MAAT between −6 °C and −16 °C. The
time window for polygon formation is derived from the local deglacia-
tion, uplift and/or incision histories of the sites. The siteswith the lowest
MAAT (−15 °C) are located in northern Canada, along the Arctic coast,
at latitudes between 75 and 80°N (Devon Island and Axel Heiberg Is-
land). The latter has seen a rather short timewindow for network devel-
opment, i.e., 2.5 kyr. Two sites near the northern Alaskan coast (Barrow
and Prudhoe Bay) have MAAT values of ca.−11 °C, yet their deglaciation
history started before 12 ka BP. The same deglaciation history is valid for
the two sites along the northern Canadian coast in the Northwestern Ter-
ritories (upland and lowland sites at Garry and Richards Island located at
ca. 69°N),while their present-dayMAAT is around−7.5 °C. Themost con-
tinental sites of the North American analogues are the ones located along
the Sugluk inlet, and actually consist of a series of polygon networks that
Table 1
Location of the polygon networks thatwere studied as a potential analogue (present-day and fo
annual precipitation (P), soil characteristics, geomorphological setting, vegetation, time wind
mined; n/a = not applicable). For comparison, a summary of the Campine data is also include

Site Location Coordinates Altitude
(m)

MAAT
(°C)

P
(mm/year)

Soil c

Devon Island Nunavut, Canadian
Arctic coast

75°N 87°W 35 −16 180 Fine
carb

Axel Heiberg
Island

Nunavut, Canadian
Arctic coast

79°N 91°W 18 −15 100 Fine

Barrow Northern Alaskan
Arctic coast, USA

71°N
156°W

7 −11 115 Sand

Prudhoe Bay Northern Alaskan
Arctic coast, USA

70°N
148°W

75 −11 77 Alluv

Sugluk Inlet, D4 Hudson Bay,
Canada

62°N 75°W 33 −8 310 Sand

Sugluk Inlet, D1 Hudson Bay,
Canada

62°N 75°W 12 −8 310 Sand

Sugluk Inlet, G5 Hudson Bay,
Canada

62°N 75°W 5 −8 310 Sand

Garry and
Richards Island
upland

NW Territories,
Canadian Arctic
coast

69°N
134°W

16 −7.5 179 Sand

Garry and
Richards Island
lowland

NW Territories,
Canadian Arctic
coast

69°N
134°W

4 −7.5 179 Sand

Adventdalen AD1 Svalbard, Norway 78°N 16°E 10 −6 180 Silt (

Adventdalen AD2 Svalbard, Norway 78°N 16°E 80 −6 180 Glac
inclu

Adventdalen AD3 Svalbard, Norway 78°N 16°E 80 −6 180 Solifl
weat

Adventdalen AD4 Svalbard,
Norway

78°N 16°E 140 −6 180 Wea

West Flanders Belgium 51°N 3°E n/a n/a n/a (Silty
France France 44–50°N n/d n/a n/a Mixe

Campine Belgium 51°N 5°E 20–30 n/a n/a Sand
unde
subs
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developed on fluvial terraces at different altitudes. Even though it is lo-
cated in a coastal setting, it is to a larger degree surrounded by landmass
than the other North American sites. They are located relatively far from
the northpole (ca. 62°N). The timewindow for polygon development de-
creases from 5 kyr for the uppermost terrace to 3.5 kyr for the lowermost
terrace. The European sites are all located on Svalbard, in theArctic Ocean,
in the Adventdalen region. Although their latitudinal position is at ca.
78°N, the present-day MAAT is relatively high compared to the North
American sites at similar latitudes, i.e., ca. −6 °C. For these sites, the
time window for polygon network development is based on the deglaci-
ation history (Farnsworth et al., 2020) and theHolocene relative sea-level
history (Long et al., 2012) of Svalbard. For the lowest site (AD1), at ca. 10
m above sea level (a.s.l.), a window of <7 kyr is determined, while for the
other three sites (AD2-3-4), at altitudes between ca. 80m and 170m a.s.l.
a maximum time window of 10.5 kyr is determined.

Two fossil analogues were also included in themorphometric analy-
sis, according to data availability, and their proximity to the Campine
area (Table 1). One analogue is in fact a summary of studied polygon
networks in France (Andrieux et al., 2016), and one is from thewestern
part of Flanders, only 50–100 km to the west of the Campine area
(Ghysels, 2008; see Fig. 1b, rectangles B and C). Both fossil analogues
are (Late) Weichselian in age and developed in a permafrost climate.

5. Results

5.1. Polygonmetrics from present-day analogues in permafrost regions and
fossil analogues in former permafrost regions

The geomorphometric information obtained from present-day and
fossil analogues is summarized in Tables 1 and 2. The individual networks
ssil), their location, latitude, altitude (m a.s.l.), mean annual air temperature (MAAT),mean
ow for development of the networks and the corresponding reference (n/d = not deter-
d.

haracteristics Local
geomorphology

Vegetation Duration
(kyr)

Reference

grained floodplain +
onate silts

Floodplain None 7.5 Haltigin et al.
(2012)

and coarse floodplain Alluvial fan None 2.5 Haltigin et al.
(2012)

, gravel and silt Coastal plain Tundra >12 Dafflon et al.
(2016)

ial sand and gravel Lowland plain Tundra >12 Abolt et al.
(2017)

and peat River terrace Tundra/shrubs 5 Kasper and
Allard (2001)

and peat River terrace Tundra/shrubs 4.5 Kasper and
Allard (2001)

and peat River terrace Tundra/shrubs 3.5 Kasper and
Allard (2001)

and silt Upland Tundra >12 Burn and
O'Neill (2015)

and silt Lowland Tundra >12 Burn and
O'Neill (2015)

aeolian loam) Glacial valley Closed
tundra/shrubs

3 Ulrich et al.
(2011)

iofluvial sediment,
ding gravel

Glacial valley Closed
tundra/shrubs

<7 Ulrich et al.
(2011)

uction material and
hered bedrock

Glacial valley Closed
tundra/shrubs

<7 Ulrich et al.
(2011)

thered bedrock Glacial valley Closed to open
tundra/shrubs

<7 Ulrich et al.
(2011)

) sand to clay Hilly interfluve n/a n/d Ghysels (2008)
d soil types n/d n/a n/d Andrieux et al.

(2016)
, occasionally
rlain by shallow clay
trate

Cuesta/pediment n/d n/d This study



Table 2
Metrics of the analogue networks (present-day and fossil): number of polygons (N),mean area (MEAN),median area (MEDIAN), relative standard deviation (RSD), minimum area (MIN),
maximumarea (MAX), total number of counted intersections (Ni), percentage of 4-ray intersections (4RAY), and percentage of orthogonal intersections (ORTHO) (n/d=not determined;
n/a = not applicable). For comparison, a summary of the Campine data is also included.

Site Polygon type N MEAN
(m2)

MEDIAN
(m2)

RSD
(%)

MIN
(m2)

MAX
(m2)

Ni 4RAY (% 4-ray
inter-sections)

ORTHO (% orthogonal
intersections)

Devon Island Oriented orthogonal 93 397 386 38 119 836 112 55 97
Axel Heiberg Island Random orthogonal 78 153 130 62 20 580 117 13 32
Barrow Irregular mixed 135 310 274 57 93 1049 112 12 65
Prudhoe Bay Random orthogonal 9 204 198 24 121 291 50 28 74
Sugluk Inlet, Hudson Bay, D4 Random orthogonal 17 80 59 63 30 191 33 21 79
Sugluk Inlet, Hudson Bay, D1 Random orthogonal 22 150 131 53 33 329 23 30 78
Sugluk Inlet, Hudson Bay, G5 Random orthogonal 17 173 124 83 8 504 26 11 69
Garry and Richards Island upland Random ortho/hexagonal 21 743 723 63 214 1764 27 26 63
Garry and Richards Island lowland Random ortho/hexagonal 53 373 307 52 166 1093 83 15 66
Svalbard Adventdalen AD1 Pentagonal, hexagonal 185 340 268 77 51 2029 n/a 10 n/a
Svalbard Adventdalen AD2 Pentagonal, hexagonal 241 771 594 69 70 3329 n/a 4 n/a
Svalbard Adventdalen AD3 Pentagonal, hexagonal 103 559 447 68 85 2101 n/a 7 n/a
Svalbard Adventdalen AD4 Hexagonal on dry terrace and

orthogonal down the slope
159 507 83 65 75 1786 n/a 9 n/a

West Flanders Mixed 145 104 58 112 4 760 178 18 46
France n/d n/d 179 n/d n/d 63 380 n/a n/a n/a
Campine Mixed 210 3128 2912 54 454 9401 243 20 31
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are characterised by awide range of sizes, polygon classes and anticipated
ages. For instance, polygon sizes on different terrace levels along the
Sugluk Inlet (Hudson Bay, NE Canada; Kasper and Allard, 2001) seem to
be rather small (100–200 m2) in comparison with those observed in the
uplands of Garry and Richards Island in NW Canada (750 m2; Burn and
O'Neill, 2015) and Adventdalen in Svalbard, Norway (400–800 m2;
Ulrich et al., 2011) (Table 2). The various Sugluk Inlet networks show in-
ternal consistency. The oldest ones (on the highest terrace levels) have
the smallest polygons and the largest amount of orthogonal and 4-ray in-
tersections, in line with the theory that individual polygons become
smaller and more organized with time. Well organized networks are ob-
served in northern Canada (Devon Island), where the proportion of or-
thogonal intersections in polygons that developed during a time period
of 7.5 kyr is almost 100%, while this is only 32% for polygon networks
that only developed during a time period of 2.5 kyr (Axel Heiberg Island;
Haltigin et al., 2012). Here, the effect of initial conditions or other factors
than time is clearly illustrated by the fact that the Axel Heiberg polygons
are smaller than the Devon Island polygons, while the opposite would be
expected according to their age. The influence of local conditions can also
be seen in NW Canada, where polygons in the lowlands of Garry and
Richards Island are much smaller than those of the adjacent uplands,
which is attributed to the high water content of the lowland terrain (in
comparison with the well-drained ‘upland’). Note that these networks
have been developing for >12 kyr, as is the case for those at Prudhoe
Bay (Abolt et al., 2017) and Barrow (Dafflon et al., 2016) near the Beaufort
Sea, Northern Alaska (USA). Yet, the percentage of orthogonal intersec-
tions is around 65%, which indicates that time is not the only factor
determining the shape and size of polygon networks. Rather immature
polygon networks are found in Svalbard, where various networks along
the Adventdalen show a low percentage of 4-ray intersections (orthogo-
nal intersectionswere not included in that study). The Adventdalen poly-
gons are amongst the largest in the otherwise rather small data set of
present-day analogues (up to almost 800 m2 on average for AD2, the
largest individual polygon being larger than 3000 m2). The youngest
Adventdalen network (AD1) is mainly orthogonal with the smallest indi-
vidual polygons, while the older ones are hexagonal and pentagonal with
larger polygons. This is explained by the fact that cracking in AD2-3-4
stopped and ice-wedges became inactive (Ulrich et al., 2011).

Fossil analogues are those that are found in regions outside the
present-day permafrost realm (Tables 1 and 2). The fossil analogues clos-
est to the Campine study area (NEBelgium) in thiswork are polygonnet-
works that are found in the western part of Flanders (NW Belgium; Fig.
1b), and have been studied intensively by Ghysels (2008). These poly-
gons were mapped from cropmarks, and some of them were verified in
6

the field using planar- and cross-sections through the associated ice-
wedge casts and sand-wedge relicts. On average, the individual poly-
gons are rather small, ca. 100 m2 on average, ranging between 4 m2

and 760 m2. The percentage orthogonal intersections is ca. 50%. The as-
sociated wedge casts, some of which are very small (only up to several
dm wide), can be subdivided into sand wedges on the interfluves and
composite wedges (mixed ice and sand) in depressions (Ghysels and
Heyse, 2006). Optically stimulated luminescence (OSL) ages of sediment
in the wedges range between 22 ka and 14 ka. In France, relict polygons
have been mapped by Andrieux et al. (2016), based on cropmarks. The
study does not provide metrics on individual networks, but the overall
mean individual polygon size for the whole of France is ca. 180 m2

(recalculated from an average polygon diameter of ca. 15 m, assuming
a circular shape), ranging between 63 m2 and 380m2. They are believed
to be Late Weichselian in age and developed on a wide variety of soils
and substrates. Some networks, notably those that developed in gravel-
rich soil, typically have larger polygons (Bertran et al., 2013). In Poland
polygons have been studied by Ewertowski et al. (2017) based on
cropmarks. The authors also attributed them to thermal contraction
crack polygons and specified 6 types: (A) nets of large and irregular or-
thogonal polygons, (B) complex small irregular orthogonal polygons,
(C) regular orthogonal polygons, (D) irregular non-orthogonal polygons,
(E) regular non-orthogonal polygons and (F)mixed orthogonal and non-
orthogonal polygons. Their hypothesis, i.e., that polygon nets would
show aging features towards the south (being deglaciated earlier due
to the northward retreat of theWeichselian ice sheet), could not be con-
firmed. The few OSL ages they obtained from related ice/sand-wedge
casts range roughly between18ka and14 ka. The authors did not include
a quantitative analysis of polygonmetrics, yet it is clear that awide range
of polygon types and sizes exists in a relatively small area (2000 km2).
Some networks have polygon sizes up to ca. 2500 m2 (type A, based on
their Fig. 6a), and others show networks of very large orthogonal poly-
gonswith higher order and less well developed non-orthogonal subdivi-
sions (type F, based on their Fig. 8b).

5.2. Contraction crack polygon networks observed on the LiDAR-basedDEM
of the Campine area

5.2.1. Description of the polygon networks
Study of the LiDAR images revealed many sites with potential poly-

gons in the Campine area. Nine have been studiedmore in detail, as they
show the clearest polygon networks. The location and distribution of
these polygons is given in Fig. 2a and Table 3. All relevant parameters
of the various polygon networks are summarized in Table 4.
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One of the first polygon networks discovered, and one of the most clear
ones, is Tikkebroeken (TB). Typically, and this holds for most networks,
the polygons are found under forest (Fig. 4a). In general the polygons
are very large, with polygon boundaries being spaced apart several
tens of meters, even up to 100 m (Fig. 4b). A topographical transect
through one of the polygons clearly shows the nature and size of the
shallow depressions that delineate the polygons. The troughs can be
around 10mwide and up to 40 cmdeep, but smaller examples are pres-
ent aswell (Fig. 4c). Site TB is located at ca. 21.5m a.s.l. on an undulating
terrain bordering a shallow valley floor ca. 1–2m below (Fig. 5a–b). The
network is classified as randommixed, with polygon subdivision being
visible, especially near the centre of the network. There is no shallow
clay substrate here as the Paleogene Boom Clay is at >100 m depth.

The polygon network at site Liereman (LM) is classified as random
hexagonal-orthogonal, and assigned to a smooth (non-dipping) valley
border morphology (Fig. 5c–d). The site is located at ca. 27 m a.s.l.
with a clay substrate (Weelde Formation) starting at a depth of 2–5
m. Individual polygons are quite large and poorly subdivided. The poly-
gons are preserved under woodland and heathland.

Sites Koevenheide KH-1 and KH-2 are located on a crest, reaching an
altitude typically 1–2 m above the surrounding landscape (Fig. 5e–f).
Both networks are classified as mixed. Here as well, clay from the
Weelde Formation starts at a depth of 2 m, up to 5 m. Individual poly-
gons are quite large and poorly subdivided.

The network at Langvenheide (LV) is located on a smoothly dipping
surface, which borders a shallow valley floor rather abruptly over a ver-
tical distance of ca. 1–2m (Fig. 5e–f). It is classified as a pure orthogonal
network with large polygons. The clay substrate is rather shallow at
depths between 2 and 5 m.

The site at Grote Reesdijk (GR) is located at ca. 20.5 m a.s.l. on a
smooth flat terrain bordering a shallow valley (Fig. 5g–h). The network
is classified as random hexagonal-orthogonal, with an apparent orthog-
onal subdivision of otherwise hexagonal polygons. There is no shallow
clay substrate here (Boom Clay is at >100 m depth). Grote Reesdijk
(GR) is a site where polygons are preserved under a different cover
than forest, i.e., cropland. A clear polygon pattern is observed in the in-
vestigated cropfield (Fig. 6a). Polygon boundaries are visible as dark
marker lineswith variablewidth. The dark colourmay indicate different
soil and drainage conditions. Interestingly, all polygon boundaries as ob-
served from the orthophoto are captured by the DEM as well, but not
vice versa (Fig. 6b). For this site, the DEM is a more powerful tool than
the orthophoto to map the polygon network.

The four remainingnetworks are shown in the supplementarymate-
rials (Fig. S1). Site Staatsbossen (SB) is the site with the most extensive
polygon networks mapped in the Campine area so far, though not the
most clear ones (Fig. S1a–b). The networks are subdivided into three
zones, SB-1, SB-2 and SB-3, mainly on the basis of their local geomor-
phological and topographical position (Fig. S1c–j). SB-3 is located on a
sickle-shaped crest, ca. 1–2 m above the surrounding landscape. SB-2
is geomorphologically positioned on low-laying interfluves that are bor-
dered by shallow valleys, with altitude differences up to 1–2 m. Finally,
SB-1 is also located on an interfluve between shallow valleys, but at a
lower altitude. Polygons from SB-2 and SB-3 show features of polygon
subdivision, while these are completely absent from network SB-1
(Fig. S1c–d). SB-1 is classified as a (regular) orthogonal network while
SB-2 and SB-3 are classified as randommixed (with hexagonal and or-
thogonal intersections) networks. The dominant vegetation at the SB
sites is woodland.

At site Kijkverdriet (KV) only three polygons could be observed, lo-
cated on a small crest, which are classified as hexagonal (Fig. S1k–l).
They are preserved under grassland. On the orthophoto weak vegeta-
tion marks can be observed at this site, but less clear than those at site
GR. The clay substrate occurs at a depth of 2–5 m. Site Dekkersven
(DV) is located on an undulating surface bordering a valley, but not as
abrupt as the network at Langvenheide (Fig. S1m–n). The polygons
are classified as a random network. There is no shallow clay substrate



Table 4
Metrics of the observed polygon networks in the Campine area: number of polygons (N), mean area (MEAN), median area (MEDIAN), relative standard deviation (RSD), minimum area
(MIN),maximumarea (MAX), number of total number of counted intersections (Ni), percentage of 4-ray intersections (4RAY), and percentage of orthogonal intersections (ORTHO). Poly-
gon type according to French (2007).

ID Site Polygon type N MEAN
(m2)

MEDIAN
(m2)

RSD
(%)

MIN
(m2)

MAX
(m2)

Ni 4RAY (% 4-ray
inter-sections)

ORTHO
(% orthogonal
inter-sections)

SB-1 Staatsbossen Orthogonal 9 3599 3651 25 1964 4853 13 100 54
SB-2 Staatsbossen Random mixed 23 3604 3489 58 687 9329 32 0 25
SB-3 Staatsbossen Random mixed 36 2926 2603 55 718 9401 45 17 11
KV Kijkverdriet Hexagonal 3 5486 5603 16 4551 6303 4 0 0
KH-1 Koevenheide Random orthogonal/hexagonal 5 3583 3362 21 2960 4847 6 0 33
KH-2 Koevenheide Random mixed 8 1949 1710 45 1002 3453 16 0 31
LV Langvenheide Orthogonal 4 4625 5233 28 2654 5378 6 0 100
LM Liereman Random hexagonal/orthogonal 12 2527 2798 40 571 4065 22 0 23
DV Dekkersven Random orthogonal/hexagonal 10 3174 2598 48 1557 5893 14 67 36
ME Mellen Random mixed 11 2766 2586 59 639 6723 15 29 47
TB Tikkebroeken Random mixed 20 3093 3071 56 454 6404 40 7 35
GR Grote Reesdijk Random hexagonal/orthogonal 8 3422 3857 52 1450 6366 13 20 31
ALL Campine Mixed 150 3128 2912 54 454 9401 243 26 31
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at this site. Finally, the site atMellen (ML) is located on a surface border-
ing a shallow valley floor, and is also classified as random (Fig. S1o–p).
Again, there is no shallow clay substrate here.

5.3. Semi-quantitative analysis of polygon metrics

Polygon metrics are indicative of a variety of parameters, including
those related to the substrate (geology, geomorphology, hydrology, pe-
dology), climate (soil temperature gradients) and time (stage of devel-
opment) In order to understandwhich parameters are significant to the
a)

F

F

F

FF

F

F

22

21

al�tude 
(m a.s.l.)

Fig. 4. (a)Mappedpolygons at site Tikkebroeken (TB), a nature reserve inKasterlee. Areaswith f
observed under forest. Rectangle refers to map shown in (b). (b) The line A-A′ refers to the to
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development of the Campine polygons, a qualitative analysis of polygon
metrics is performed (Tables 3 and 4). The polygon metrics tested here
are themean polygon area for each network (MEAN), the relative stan-
dard deviation of the mean (RSD), the percentage of orthogonal inter-
sections in a network (ORTHO) and the percentage of four-ray
intersections (4RAY). Themean polygon area for the entire study region
is 3128 (±1675) m2 (Table 4). The smallest polygons are found at site
KH-2 (on average 1949 m2) and the largest at site KV (on average
5486 m2). The smallest polygon observed in the entire study area is as
small as ca. 450 m2 (site TB) while the largest is as large as ca. 9400
b)

c)

orest vegetation are indicatedwith ‘F’ – it can be seen that polygon traces are clearestwhen
pographical profile shown in (c). (c) Topographical signature of polygon boundaries.



a) b)

c) d)

KH-1

KH-2

LV

e) f)

g) h)

Fig. 5. (a–b) Mapped polygons at site Tikkebroeken (TB). (c–d)Mapped polygons at site Liereman (LM). (e–f) Mapped polygons at sites Koevenheide (KV) and Langvenheide (LV). (g–h)
Mapped polygons at site Grote Reesdijk.
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Fig. 6. Cropmarks at site Grote Reesdijk. (a) Mid-scale coloured orthophoto (Geopunt, 2015). (b) Comparison between cropmarks (blue lines) and the DEM image (black lines).
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m2 (site SB-3). Some networks are regular, at least in terms of the RSD,
whichmay be as small as 16% (site KV). The highest RSD is observed for
siteMellen (59%). Any relative number for ORTHO and 4RAY can be ob-
served, and overall ranges between0% and 100%. Polygon networks that
are located on the Campine Clay cuesta, and are underlain by the clayey
Weelde Formation, seem to display a wide range for MEAN and ORTHO
and a smaller RSD (networks SB, KV, KH, LV, LM; Fig. 7a; category 1).
Networks that are not underlain by the Weelde Formation, and are sit-
uated on the Brasschaat pediment, systematically show a large RSD for
the mean polygon area (networks DV, ME, TB, GR; Fig. 7a, category 2).
This is also reflected in the RSD plot for categories related to the depth
of the clay (Fig. 7b, category 4 and 5). The clearest relation of polygon
characteristics with the local geomorphological setting is seen for
ORTHO (Fig. 7c). The percentage is, on average, lowest for sites that
are situated on a crest (networks SB-3, KV, KH-1, KH-2; Fig. 7c, category
4). Next, a clear relation is present between the present-day soil drain-
age class and RSD, 4RAY and ORTHO. Networks that developed in soils
Fig. 7. (a) Polygon network characteristics (MEAN, RSD, 4RAY and ORTHO) according to the m
Clay cuesta); 2 = not underlain by Weelde Formation (Brasschaat Pediment). (b) Polygon ne
significant subsurface clay layer. 1 = 0–2 m; 2 = 2–5 m; 3 = 5–10 m; 4 = >10 m; 5 = >100
local geomorphological setting. 1 = smooth dipping valley border; 2 = smooth flat valle
characteristics (MEAN, RSD, 4RAY and ORTHO) according to the present-day soil drainage
network characteristics (MEAN, RSD, 4RAY and ORTHO) according to the polygon classificatio
orthogonal/hexagonal; 5 = orthogonal.

10
that are indicated aswet today (Fig. 7d; category 2) show smaller values
for RSD, 4RAY and ORTHO (networks KV, KH-1, KH-2, LV, LM). The net-
work classification was also checked against network characteristics
(Fig. 7e). Here it can be seen that regular hexagonal (KV; category
1) and orthogonal (SB-1, LV; category 5) networks show the largest
MEAN and smallest RSD. Overall, the percentage 4RAY and ORTHO
gradually rises for networks that were classified with a significant or-
thogonal component (Fig. 7e, category 4 and 5).

These observations can be summarized as follows (Fig. 7). Sites that
are located in a wetter landscape have favored the development of net-
works that show less variation in polygon size (MEAN) and a low per-
centage of orthogonal intersections (ORTHO, Fig. 7d). Such sites are
characterised by a shallow clay layer (Fig. 7a) and are positioned on
the Campine Clay cuesta. Furthermore, the percentage of ORTHO
seems to be lowest for sites that are located on a local topographical
crest, even though the altitude difference between crest and surround-
ing landscape is only 1–2m (Fig. 7c). There seems to be a preference for
ajor geological/geomorphological position. 1 = underlain byWeelde Formation (Campine
twork characteristics (MEAN, RSD, 4RAY and ORTHO) according to the depth of the first
m. (c) Polygon network characteristics (MEAN, RSD, 4RAY and ORTHO) according to the
y border; 3 = undulating valley border; 4 = undulating crest. (d) Polygon network
class. 1 = moderately dry to moderately wet; 2 = moderately wet to wet. (e) Polygon
n. 1 = hexagonal; 2 = random hexagonal/orthogonal; 3 = random mixed; 4 = random
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orthogonal networks to develop in a valley border setting. Finally, al-
most pure orthogonal and hexagonal networks show the largest
MEAN and the smallest RSD (Fig. 7e).

5.4. Ground Penetrating Radar profiling

Ground Penetrating Radar (GPR) can be used to image ice-wedge
casts or relict sandwedges in the subsoil (Verbeeck et al., 2017). There-
fore, this technique was tested to verify the existence of subsoil anoma-
lies underneath supposed polygon boundaries. In total 35 lines were
acquired, but only five of them will be shown and discussed here. The
other GPR profiles did not reveal any subsoil disturbances, which is
probably due to the weak contrast in dielectric properties between
host and wedge material.

The first site that was imaged with GPR is Tikkebroeken (TB, line 257;
Fig. 8a). The corresponding image is shown in Fig. 8d. This profile, as it was
acquired with the higher-frequency 250 MHz antenna, has a limited pen-
etration and shows strong attenuation below ca. 2 m depth. Reflections
below this depth (mimicking the surface reflection) are regarded as arte-
facts. An interesting observation is the shallowdisturbance (0–1mdepth)
around the centre of the polygon trough (depression; green arrow). How-
ever, it should be noted that 5–10 m to the east and west similar distur-
bances are present (blue circles), without any traces in the topography.
In summary, the GPR survey at this site did not produce convincing evi-
dence for the presence of an ice-wedge cast or relict sand wedge. Line
a)

b)

c)

d)

e)

Fig. 8. (a) Location of GPR line 257 (TB). (b) Location of GPR line 291 (KH−1). (c) Location o
indicates the position of the centre of the topographic depression; blue circles indicate (we
indicates the position of the centre of the topographic depression; blue circle indicates dis
profiles 298, 300, 301, Liereman (LM); green arrows indicates the position of the centre of the
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291 (Fig. 8e) originates from the Koevenheide site (Fig. 8b). Some distur-
bances can be seen between a depth of 1–2m(blue circle), near the centre
of the inter-polygon trough. Remarkably, some shallow layers seem to be
pushed upwards. However, a clearwedge structure cannot be observed.
Line 298 (Fig. 8f) originates from the Liereman site (Fig. 8c) and shows
clear disturbances (bounded by two blue lines) around the position of
the polygon trough (green arrow indicates the centre of the depres-
sion). In the shallow subsurface (around 0.5 m depth) a strong
saucer-shaped reflection is observed near the centre of the through,
which is intercalated between undisturbed reflections above and
below, and disappears to the left and right. Around 1 m depth, and
again around 3 m depth, the stratification seems to be disturbed
where the presence of a buried ice-wedge cast (or relict sand wedge)
is assumed. Lines 300 (Fig. 8g) and 301 (Fig. 8h) were also shot at the
Liereman site (Fig. 8c) and show some disturbance in the region of
the trough, but less clear than in the profile corresponding to line 298.
Line 301 shows a similar intercalated reflection as in line 298, which
is missing outside the assumed wedge boundaries. In summary, identi-
fying wedge structures with GPR is not straightforward at the investi-
gated sites. A possible explanation can be the weak dielectric contrast
between host and wedge material, certainly for site TB. Alternatively,
the measurement conditions in saturated soil may not have been opti-
mal. In at least one profile (site LM, line 298), there are strong argu-
ments in favor of a wedge structure in the subsurface. This site is
proven to have a shallow clay layer in the subsurface.
f)

g)

h)

f GPR lines 298, 300 and 301 (LM). (d) GPR profile 257, Tikkebroeken (TB); green arrow
ak) disturbances in the subsoil. (e) GPR profile 291, Koevenheide (KH-1); green arrow
turbances in the subsoil as the layers seem to be pushed upward slightly. (f, g, h) GPR
topographic depression; blue lines bound the suggested wedge structures.
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6. Discussion

The polygon networks as observed on LiDAR DEM (resolution 1 m2)
undoubtedly represent thermal contraction crack polygons formed dur-
ing oneor several episodes of permafrost development (Figs. 4, 5 and 6).
Desiccation cracking might produce (very) large polygon patterns as
well, but this process is not considered to be relevant in sandy soil (El
Maarry et al., 2012).

As the polygon boundaries are expressed as shallow depressions,
several 10 cm deep and several meter wide (up to 10 m), it can be
advocated that they are the surface expression of relict ice-wedges.
Present-day polygon boundaries of active cracks in permafrost regions
are usually expressed as a pronounced shoulder-trough-shoulder
topography which is reorganized after melting of the permafrost and
subsequent collapsing of the wedge into a flat shoulder-trough-flat
shoulder topography. Melting of ice-wedges would produce variation
in topography while sand-wedges would not, because there is ice in-
volved in developing the former, leaving a cavity that is being filled
only partly (immediately or later on). GPR imaging of polygon bound-
aries in the Campine only provides convincing evidence of subsoil
disturbances underneath the troughs at the Liereman site (Fig. 8). How-
ever, the weak difference in dielectric properties between hostmaterial
(sand) and infill (sand) at some locationsmay be a limiting factor in the
usefulness of GPR imaging for this purpose. Yet, in any case the layering
should at least be disturbed underneath the troughs, which indeed can
be observed on several GPR images.

The internal morphometric analysis, i.e., the comparison of Campine
polygon networks against geomorphological, geological, pedological
and hydrological parameters did reveal some interesting relationships
(Fig. 7). As indicated above, networks that are located on the Campine
Clay cuestawith a clay layer in the shallow subsoil are slightly better or-
ganized (see lower RSD in Fig. 7a for category 1 and in Fig. 7b for cate-
gories 1-2-3). This might suggest that they are in a slightly later stage
of development. However, if so, these networks should also have a
smaller mean polygon size, which cannot be observed from Fig. 7a. As
such, the relationship is non-existing or remains unclear. Whether
they are located on the cuesta or not, some networks are orthogonal
andwell-organized, a characteristic thatmight be inferred from theper-
centage of orthogonal intersections and the relative standard deviation
of themean polygon area (e.g., SB-1 and LV; Table 4). Very interestingly,
these networks are located close to a valley border (Fig. 5c–d; Fig. S1d).
Indeed, Mackay (1999) already pointed out that orthogonal networks
usually develop on heterogeneous terrain, close to a scarp or when a
surface is drying out. These networks thus seem to have been develop-
ing on a surface bounded by a slope adjacent to the valley floor which is
only 1–2m lower. Other networks, like TB, GR,ML andDVaremore cha-
otic and complex and probably developed further away from emerging
valley borders. Site LM (Fig. 5k–l) also developed close to a valley bor-
der, however, the network has a strong hexagonal component.

The average fossil polygon size in the Campine area is ca. 3000m2, as
determined from LiDAR DEM images. An average polygon size of ca.
3000 m2 would correspond to hypothetical orthogonal polygons of 50
m by 60 m. Crack spacings of this magnitude have sometimes been ob-
served in long geological cross-sections. Kasse and Vandenberghe
(1998) observed crack spacings of up to 50 m and more near the
Dutch-German border and Verbeeck et al. (2017) observed two ice-
wedge casts in a palaeoseismological trench in northeastern Belgium
spaced ca. 70 m. It should be noted that the apparent crack spacing
from long geological cross-sections is obviously dependent on the ori-
entation of the cross-section relative to the polygon boundary.

The size difference of the Campine polygons with present-day, ana-
logues is striking (Fig. 7). A mean polygon size of ca. 3000 m2 is much
more than that for any of the investigated analogues (Table 2). Neverthe-
less, the present-day analogue that most closely matches the Campine
networks is found at Adventdalen (Svalbard, Norway), most notably the
inactive networks from theupperAdventdalen,which appear to be rather
12
large (Ulrich et al., 2011). Furthermore, the largest polygon size at
Adventdalen (networkAD2with an average polygon size of 3329m2) ap-
proximates the mean value of the fossil Campine networks (Tables 2 and
4). This may suggest that some of the Adventdalen polygons, the largest
ones, did not evolve into a more mature stage (i.e., more subdivision),
as a result of less favourable conditions (e.g., higher ground temperatures;
Ulrich et al., 2011). As such, thesemay be good analogues for the Campine
polygons. In this context, it is alsomentioned that the percentage of 4-ray
intersections (4RAY) at Adventdalen, which is amongst the smallest for
the listed present-day analogues, does not differ that much from the per-
centage 4-ray intersections in the fossil Campine networks (Table 2). All
other Arctic examples have much higher percentages of 4-ray intersec-
tions, and much smaller mean (MEAN) and maximum (MAX) polygon
sizes. It is probably not a coincidence that these are all located in areas
with a lower MAAT. Unfortunately, the dataset of the modern examples
is too small to perform a statistical analysis. Furthermore, apart from tem-
perature, other factors such as time will play a major role in the determi-
nation of polygon size and shape. As indicated in Section 3, themaximum
amount of available time during which the Adventdalen polygons could
develop is ca. 10 kyr. Consequently, if we accept the Adventdalen sites
as suitable analogues, this amount of time could serve as a maximum es-
timate for the time needed to develop the Campine polygons.

However, it should be noted that the geographical setting of Sval-
bard is completely different than for Late Weichselian western Europe.
Adventdalen is located on an island, in a coastal setting surrounded by
an ice-free ocean (Gulf stream), while the Campine area was situated
in a more continental setting at that time. In addition, Svalbard is lo-
cated north of the Arctic Circle, where the seasonal periodicity of day-
light and darkness favours longer and more severe cycles and deeper
ground freezing (Lowe and Walker, 1997), as opposed to the mid-
latitude Campine areawhere diurnal freeze-thaw cycles are more dom-
inant. Even though fossil periglacial phenomena seem useful to identify
past cold environments, caution should be takenwhen using this type of
evidence in palaeoclimatic reconstructions (Ballantyne and Harris,
1994; Lowe and Walker, 1997).

Next, it remains to be confirmed whether the present-day surface
features in the Campine area, as observed on LiDAR DEM, are represen-
tative for the entire polygon networks and their full extent and stage of
development. Smaller wedges might have developed, producing 2nd
and 3rd order polygons, which may be too small to leave a surface ex-
pression, or may be obliterated by later surface processes. Some of the
wedge casts described by Ghysels (2008) are probably good examples
of small higher order crackswhichwould not leave a topographical sur-
face expression, even in the case of ice-wedges. However, they may still
be visible as cropmarks and this might be a reason why the average
polygon size in Flanders, as determined from cropmarks (Ghysels,
2008), is (much) smaller than that from the Campine area.

As indicated above, the average polygon dimension of the Campine
networks is very large, which suggests that they represent a first order
network. Furthermore, this first order network is thought to represent
a relict ice-wedge network, instead of a sand-wedge network. The topo-
graphic expression of the first order networks in the Campine is indica-
tive of subsoil volume loss during ice-rich permafrost melting, given the
rather deep inter-polygon throughs, as already explained above (Fig.
4c). Relict sand-wedges would not produce significant topography.
The only two sites where cropmarks were observed, Kijkverdriet (KV)
and Grote Reesdijk (GR) (Fig. 6), reveal that these cropmarks do not in-
crease the complexity of the LiDAR-based polygon network interpreta-
tion. It thus remains questionable whether a 2nd and/or 3rd order
network developed, because these would have left traces in the form
of vegetation marks as well.

Fossil irregular networks with large polygons have been observed
elsewhere in Europe, notably in France (see Fig. 1B in Bertran et al.,
2013) and Poland (network type A in Ewertowski et al., 2017). They
weremost likely formed during the LateWeichselian (Late Pleniglacial)
but the exact duration of development is not known. On the contrary,
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very small polygon networks are also known from France (Andrieux
et al., 2016) and thewestern part of Flanders (Ghysels, 2008). The avail-
able dating evidence suggests a Late Pleniglacial age for these networks.
The reason for the large size discrepancy between the Campine poly-
gons and the fossil polygons in France and the western part of Flanders
is not clear yet. One possible explanationmay include themethod of de-
tection. Polygons from the French andwestern Flanders analogueswere
mapped using satellite and orthophoto imagery, whichmeans that net-
works are identified based on cropmarks or lineations in grassland, and
possibly also weak differences in soil properties and soil moisture. The
Campine polygons are mapped using a completely different approach,
i.e. a LiDAR-based digital elevation model. Possibly, only the largest
ice-wedges, those that would develop as a first order network, would
leave traces in the topography.

In the absence of direct age control on polygon development in the
Campine region, we tentatively correlate the networks studied here
with those in the western part of Flanders. There, the relict sand and
composite wedges are dated between 22 ka and 14 ka, i.e., the Late
Weichselian stage (Ghysels, 2008). This time window of ca. 8 kyr is in
agreement with, e.g., the duration of polygon development on Svalbard
during the Holocene (maximum 10 kyr, and probably even less given
the fact that the early Holocene in Svalbard was up to 7 °C warmer
than today; van der Bilt et al., 2019). The cold period shortly after 20
ka BP as shown in the Weichselian temperature reconstruction in Fig.
3, falls within this time window. The proposed time window is also in
agreement with recent recharge age estimates for the Ledo-Paniselian
aquifer (Walraevens et al., 2020),which showa clear gap inmodelled ra-
diocarbon ages between 20 ka and 14 ka. This may well be explained by
the development of permafrost, probably continuous, which causes the
disconnection of surface water and groundwater, as such preventing re-
charge. Likely, if polygon networks were to develop, this period of (dis)
continuous permafrost would be a good candidate. Alternatively, the re-
charge gap may have been caused by limited availability of infiltrating
water due to the relatively arid climate (Kasse, 2002). Yet, soils would
have been sufficiently wet as to allow the development of ice-wedges.

7. Conclusion

LiDAR revealed the existence of relict periglacial polygons in the
Campine area. They are usually preserved in woodlands and heathlands
where orthophotos yield no information. The polygons are interpreted
as ice-wedge casts formed in a permafrost environment, as a result of
thermal contraction cracking, probably during the Late Weichselian.
Cropmarks could only be observed at two sites, and do not differ signif-
icantly from the LiDAR images. Campine polygons are generally poorly
subdivided and larger than any other present-day arctic example.
Some of the Holocene polygon networks at Svalbard may nevertheless
be suitable analogues, although it has to be born in mind that solar dy-
namics would have been different during the LateWeichselian in west-
ern Europe. The large polygons observed in the Campine area probably
reflect a period of a few thousands of years of ice-wedgedevelopment in
sufficiently wet soils. The features that are captured by the LiDAR DEM
probably reflect a first order network. However, it cannot be ruled out
that smaller 2nd and 3rd order polygons remained undetected on the
LiDAR images, as theymay have been erased by subsequent surface pro-
cesses or were too small to leave a topographical trace. GPR measure-
ments provide some evidence of subsoil disturbances below polygon
boundarieswhere relict ice-wedge casts are expected. Themost obvious
images are from the Liereman site (LM) – consequently, this site is being
put forward as a candidate site for trenchingwhich is believed to be the
ultimate verification tool. Since many factors contribute to the final
shape and size of individual polygons in present-day and fossil net-
works, identifying and isolating driving forces such as time and temper-
ature is not straightforward.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.geomorph.2020.107582.
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