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Near-surface temperatures and potential for frost weathering
in blockfields in Norway and Svalbard
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Abstract

Blockfields remain enigmatic regarding their origin, internal structure, surface

2 .
Department of Geoscience, Aarhus . . . . . . . .
University, Aarhus, Denmark processes, and glaciological implications. In Scandinavia, blockfields are found on
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measured between summer 2018 and summer 2020 to calculate frost-cracking
intensities (FCI) within the ground column in three different blockfields in Norway
and Svalbard. Eighty-nine miniature temperature loggers were distributed on Tron
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Mountain (1650 m a.s.l) in Alvdal, Gamlemsveten (780 m a.s.l.) near Alesund in
southwestern Norway and on Plataberget (460 m a.s.l.) near Longyearbyen, Svalbard.
We modelled FCI by scaling the time spent in the frost cracking window (between

—3 and —8°C) with the temperature gradient and a penalty function for distance to
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available water. At Tron and Gamlemsveten, ground temperatures never reached the
frost cracking window at one third of our sites due to insulation by a thick snow
cover in depressions and on the lee sides of summits. The highest FCI (0.05-0.4 K m)
are obtained where the subsurface consists of boulders and stones in a matrix of
relatively fine sediment (sand, silt, gravel). In contrast, very low FCI (0.003-0.02 K m)
were modelled for blocky layers with large air-filled pores because of the low water
availability. On Plataberget, all sensors reached the frost-cracking window during the
annual temperature cycle, but FCI are extremely low (0.0004-0.15 K m) as water
availability is limited due to (i) permafrost and (ii) near-surface temperatures
remaining below the frost-cracking window for 3/4 of the year. This indicates that
boulder-rich blockfields with air-filled hollows are preserved in very cold climates,
whereas warmer, maritime settings with higher availability of fine interstitial material

place blockfields in the fast lane for frost weathering.
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1 | INTRODUCTION

Blockfields are found across the Arctic and Subarctic, usually covering
high-elevation, low-relief mountains (plateaus). They often exhibit a
stratigraphy with boulders and cobbles with large, air-filled pore spaces
which gradually transitions into a finer-grained layer that in turn over-
lies bedrock (Goodfellow, 2012; Goodfellow et al., 2009). Ballantyne

(1998), who uses the term ‘mountain-top detritus’ in the sense that
we here use blockfield, classifies blockfields into three categories:
(1) the classic ‘blockfield’, which is a layer of coarse clasts with air-
filled voids at the top and increasingly fine-grained infill towards the
bottom; (2) the sandy-diamict type, where clasts of different sizes sit in
a sandy matrix; and (3), the silt-rich diamicts, where clasts sit in a silty
matrix of frost-susceptible fines, with signs of frost sorting present,
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and the coarsest clasts are often concentrated in the uppermost layer.
There is an active debate concerning the genesis and age of the
blockfield landform, with no established consensus regarding palaeo-
glaciological implications and present-day activeness of the landform
(e.g., Ballantyne, 2010; Egholm et al., 2015; Goodfellow et al., 2014).

In southern Norway, Nesje et al. (1988) observed that the lower-
most limits of blockfields rise from ~500 m a.s.l. at the outermost
coast of Mgre and Romsdal county to ~1500 m a.s.l. further inland.
They correlate this gradient with the increasing surface elevation of
the late Weichselian Fennoscandian Ice Sheet. Based on this observa-
tion, they suggest that blockfields in Norway were located in areas that
remained ice free during at least parts of the Weichselian glaciation—
for example, on high-lying summits protruding as nunataks (e.g., Nesje
et al, 1987). Studies on rock surface weathering of blockfields in
southern Norway were also interpreted to support the hypothesis of
ice-free conditions (Nesje et al., 1994) as well as the apparent absence
of glacial striations or glacial landforms on these blockfields (Nesje
et al,, 1988). For the same reasons, the lower limit of blockfields in Irish
mountains was also interpreted as a reflection of the maximum vertical
level of the ice sheet, with blockfield summits having existed as
palaeo-nunataks (Rae et al., 2004; Warren, 1979). Also in the Tatra
Mountains in Slovakia and Poland, blockfields have been interpreted
as features above the glaciation limit (Zasadni & Ktapyta, 2014).

A competing hypothesis of Scandinavian blockfield origin was put
forward by Sollid and Serbel (1979) and later by Kleman (1994),
suggesting that blockfields and other landforms can survive below
cold-based parts of ice sheets. According to this hypothesis, the Scan-
dinavian blockfields indicate areas of cold-based ice of the
Fennoscandian Ice Sheet during at least the last glacial period
(c. 35,000-10,000 years ago) (Fjellanger et al, 2006; Kleman &
Stroeven, 1997; Rea et al., 1996; Stremsge & Paasche, 2011). The
suggestion of blockfield survival beneath cold-based ice also requires
that the blockfields pre-date at least the last glaciation. Numerical
landscape evolution modelling has shown that regolith-covered low-
relief summits can develop by glacial and periglacial erosion over mul-
tiple glacial cycles (Anderson, 2002; Egholm et al., 2015, 2017). These
studies also indicate that cold-based, low-erosive conditions gradually
develop on the high plateaus as a function of gradual relief reduction
and smoothing of the plateau regions combined with increased inci-
sion of (and ice flow through) adjacent glacial valleys (Egholm
etal, 2015, 2017, Kessler et al., 2008).

If blockfields have indeed persisted through several glaciations,
this raises the question of how and when they were initially formed.
Several studies have attempted to constrain the age of blockfields by
inferring erosion rates from cosmogenic nuclide chronometry
(Andersen et al., 2018; Briner et al., 2006; Fjellanger et al., 2006;
Goehring et al., 2008; Goodfellow et al., 2014; Jansen et al., 2019;
Marquette et al., 2004; Skov et al., 2020). These studies show that
material from plateau blockfield areas generally yields older ages
(higher cosmogenic nuclide concentrations) than adjacent glacially
scoured valley and slope areas. In most cases, the higher cosmogenic
nuclide concentrations are interpreted to indicate minimally erosive
ice during the last glacial period. Interpreting cosmogenic nuclide data
from blockfield depth profiles to infer erosion rates can be compli-
cated, because of possible past or present mixing processes in the
ground column—that is, frost heave and cryoturbation, as well as com-
plex exposure histories with multiple periods of exposure (and mixing)

interspersed with periods of (cold-based) ice cover (Andersen
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et al., 2018). Although inversion modelling of cosmogenic nuclide data

can help to constrain the near-surface residence times and mixing
rates of blockfield materials (Andersen et al., 2018), cosmogenic
nuclide data cannot fully reveal the genesis of the blockfield landform.

The discovery of clay minerals, such as kaolinite and gibbsite in
blockfields in Norway (Roaldset et al., 1982), may indicate that the
blockfields pre-date the cold Quaternary period, as these clay minerals
are often assumed to form in temperate or warmer climatic settings
(Marquette et al., 2004; Staiger et al, 2005; Stremsge &
Paasche, 2011). This interpretation implies extremely low blockfield
weathering, creep and erosion rates (including any glacial erosion),
despite exposure to subaerial weathering at least during ice-free inter-
vals. Others have stated that clay minerals might also form in colder
climate settings in blockfields, conditioned by favourable moisture
and pH conditions (Goodfellow, 2012; Hall et al., 2002; Pope
et al.,, 1995). In that case the presence of clay minerals is not indicative
of old, slowly weathering blockfields.

Blockfields are a feature of periglacial and cryo-conditioned land-
scapes. Their unique stratigraphy affects the local microclimate, by
lowering ground temperatures in comparison to adjacent areas with-
out blockfield cover (Berthling & Etzelmiller, 2011; Lillegren
et al.,, 2012). Temperature profiles from blockfields in eastern Norway
show anomalies of —1.3 to —2.0°C compared to surrounding till and
bedrock areas (Juliussen & Humlum, 2008). Among other processes
such as thermal cracking or pressure release fracturing from glacial
unloading, frost cracking is likely to be one of the main mechanical
weathering processes on Scandinavian high-elevation plateaus in the
present-day climate (Fraser, 1959; Hall et al., 2002). Andersen et al.
(2018) found that blockfields in the high plateau area of Reinheimen,
Norway, show relatively low erosion rates (~4-8 m/Myr). Similarly,
Granger et al. (2001) document that boulder armoured slopes in the
Rocky Mountains erode much slower than surrounding soil-covered
areas. Still, there exist knowledge gaps about the intensity of (frost)-
weathering mechanisms presently or formerly active in blockfields
and regarding the role of permafrost.

Hales and Roering (2007) developed a simple model for frost
cracking, which relies on ground temperature and water availability as
input. This was further developed by Andersen et al. (2015) and
Egholm et al. (2015) to simulate frost-cracking rates. In this study we
apply the frost-cracking model of Andersen et al. (2015) to measured
ground temperatures and idealized stratigraphies in three different
blockfields located along a climatic gradient from permafrost-free and
marginal permafrost locations in southern Norway to a continuous
permafrost site on Svalbard. This allows us to drive the model with
realistic ground surface temperatures and analyse the effects of gro-
und stratigraphy on frost-cracking intensity (FCI), including the impact
of seasonal snow cover. We use these results to discuss two hypothe-
ses: (1) blockfields are ‘old’ landforms which were preserved under a
cold-based ice cover, or on nunataks, during one or several glacial
cycles; (2) blockfields are a post-glacial, ‘young’, landform which

formed after the last deglaciation.

2 | STUDYSITES

Three field sites were chosen with the goal of investigating blockfields
in different climates (Figure 1): Tron (continental site with marginal

permafrost), Gamlemsveten (maritime site with no permafrost), and
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FIGURE 1 Overview of the three field sites. LGM (Last Glacial
Maximum) and YD (Younger Dryas) ice sheet extent outline from
Hughes et al. (2016). [Color figure can be viewed at wileyonlinelibrary.
com|]

Plataberget (cold permafrost and low precipitation). In the following,
each of these sites is presented with a focus on climate, blockfield
characteristics, permafrost and the timing of last deglaciation. For
each site, we obtain consistent air temperature and precipitation
information for the normal period (1961-1990) and the 1-year study
periods by using measurements from the closest-lying climate station
which has data available for both periods (obtained from seklima.met.
no). These stations are Vigra (22masl, 26km west of
Gamlemsveten), Rgros (55km NE of Tron, 625ma.s.l) and
Longyearbyen/Svalbard Lufthavn (28 ma.sl) at the foot of
Plataberget. Air temperatures were scaled to the altitude of the
blockfield sites by using a wet lapse rate of 0.5°C/100 m, while pre-
cipitation was increased by 10% per 100 m below 1000 m a.s.l. and
5% for elevations above 1000 m a.s.l. (following Jansson et al., 2007).
For Tron and Plataberget, air temperature measurements at the
blockfield sites are available for the study period (Table 1), which
allows estimating the accuracy of the altitudinal scaling to around 0.2
(Tron) to 0.7°C (Plataberget).

21 | Tron Mountain

The Tron Mountain blockfield (~1650 m a.s.l)is located in East
Norway (Figures 1 and 2). The climate of the blockfield is classified as
Polar Tundra (ET) after Koeppen-Geiger (Geiger, 1954; Peel
et al., 2007) with a mean air temperature (MAT) of —2.7°C (weather
station at summit borehole, study period, unpublished data, University
of Oslo) and mean annual precipitation (MAP) of 1020 mm (study
period, Table 1).

The blockfield is characterized by very angular gabbro clasts span-
ning a large size range (0.05-3.5 m in diameter), with some sandy pat-
ches with sorted ground. Thin algae and lichen vegetation exists
mostly on top of fine sediment and on the rocks (Figure 3). Permafrost

of around —0.5°C is present today at the summit area with an active

layer thickness between 12 and 15 m (measurements from summit
borehole, see Figure 2). The last Fennoscandian Ice Sheet retreated
from this area at ~10 ka (Hughes et al.2016, Stroeven et al., 2016).

2.2 | Gamlemsveten

Gamlemsveten (~800 m a.s.l) is situated on the west coast of
Norway, and experiences a temperate, maritime climate (Koeppen
classification Dfc) with cold summers, no dry season, and mild winters
(i.e., wet snow and rain). The MAT of the Gamlemsveten blockfield
site during the study period was 3.9°C (Table 1), while the mean air
temperature in January was —1.6°C and in August 10.6°C (calculated
as for annual averages). The calculated mean precipitation was around
3900 mm (Table 1). The surficial geology of the Gamlemsveten
blockfield includes medium-large clasts (typically 0.2-1.20 m) of
hornblende-rich migmatite gneiss, which are slightly rounded to
rounded. Large areas are covered in thick vegetation (mainly crow-
berry, some graminoids, moss and lichen) on top of fine sediment with
initial soil development, while in some areas the blocks themselves are
covered with 2-3 cm of mosses and lichens (Figures 4 and 5, left and
middle pictures). Sorted ground indicates present or past freeze-thaw
processes, but no permafrost exists today (derived from this study’s
surface temperature measurements and ground temperature model-
ling). The Fennoscandian Ice Sheet retreated from Gamlemsveten
~14-15ka and the mountain has remained ice free since then
(Hughes et al., 2016; Roaldset et al., 1982; Stroeven et al., 2016).

2.3 | Plataberget

Plataberget (also known as Platafjellet) is a plateau mountain situated
1 km west of the Longyearbyen settlement on the Svalbard archipel-
ago (Figure 1). The study area of Platiberget occupies elevations
between 440 and 475 m a.s.l. (Figure 6). MAP is very low in this area
with ~300-350 mm, and the mean temperature during the study
period was —5.4°C according to Platdberget weather station
(SN99843; seklima.met.no). We measured a mean snow depth at the
ground surface temperature measurement sites of 66 cm with varia-
tions from 20 to 130 cm throughout May 2019. The blockfield on
Plataberget is characterized by sandstone clasts, ranging from pebbles
to blocks of 1 m in diameter. The site has a large variety of surface
forms, ranging from blockfield morphology with unsorted large angu-
lar blocks to fine-grained patches with rounded pebbles, sorted circles
and water track areas where moss covers the finer sediment
(Figure 7). Lgnne (2017) also identified areas with meltwater channels
from the last deglaciation in the lower and more inclined part of the
blockfield at the northeast end.

Plataberget blockfield is underlain by continuous permafrost,
which has a depth of around 500 m and around —6°C (Isaksen
et al., 2001) at the ZAAT (zero annual amplitude temperature, mea-
sured at the depth where the influence of seasonal temperature fluc-
tuations ceases; Biskaborn et al.,, 2019). The active layer measured
during excavation varied between 50 and 70 cm depth (end of August
and beginning of September), depending on the surface material and
stratigraphy (fine-grained sorted ground or openwork blockfield),

while the modelled maximum active layer varied between 0.9 and

95U0|7 SUOWIWOD dA1TERID et jdde au Aq pauseno aJe SajaILe YO ‘8sh J0 3| I0j Akeid 18Ul U A3[IAA UO (SUONIPUOD-pUB-SULIBIALICY" AS |1 Afeiq 1 U1 |Uo//:SdnY) SUONIPUOD pUe SWB 1 84} 885 *[£202/80/20] U0 Arelqiaunjuo Ao|im ‘ABojouyps L 2 80us S JO AIseAIUN UeIBMION NUIN AQ 826G ds3/200T 0T/I0p/W0 A3 | IM Aeiq1jouluo//:Scly WOy papeoumoq ‘G ‘€202 ‘L€86960T


http://seklima.met.no
http://seklima.met.no
http://seklima.met.no
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

PETER ET AL.
TABLE 1 Overview of climatic parameters and elevation at all sites.
MAT normal period MAT study period MAP normal period MAP study period
Site (e (°C) (mm) (mm)
Tron (-4.9) -2.7(-2.9) (985) (1020)
Gamlems- (2.9) (3.9) (2805) (3886)
veten
Plataberget (—8.4) —5.4(-4.7) (295) (355)

EHM-WiLeyL2®

Elevation above sea level
(m)

1650

800

440

Note: MAT, mean air temperature; MAP, mean annual precipitation. Numbers without parentheses refer to measurements at the site (near summit
borehole for Tron, Figure 2; 5 km west of blockfield at similar elevation for Plataberget, Figure 6). Numbers in parentheses refer to values obtained by
elevation scaling from the closest weather station with continuous record (Rgros for Tron, Vigra for Gamlemsveten, Svalbard Lufthavn/Longyearbyen for
Plataberget, seklima.met.no). See text, Section 2.
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FIGURE 2 Left: overview map of Tron Mountain in @sterdalen. Right: detail map of the summit blockfield with temperature logger
distribution and location of excavation pits, borehole and weather station. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 Tron blockfield, left and
middle: the orange DGPS antenna is
about 50 cm high. Right: profile of one of
the excavation pits. Layer | describes a
sand-rich layer in the uppermost 50 cm;
layer Il is a gravel-rich layer reaching from
50 cm depth until the bottom of the
profile. The circle indicates the location of
a cobble-shaped clast, and the brown
hatched area indicates a brownish layer,
probably associated with Fe oxidation.
[Color figure can be viewed at
wileyonlinelibrary.com]

—100

360000 363000
L .
o
o
3
o
o
o
o~
>
w
8
S 4 “Excavation Pits
3 B ©temperature loggers
© W Yr\Weather Station
360000 363000

366000

366000

6944000
6941200

o
o
o
o~
3
©o

6940000
6940800

361800

AExcavation Pits
Otemperature loggers

&/ |

6940800

FIGURE 4 Left: overview of Gamlemsveten Mountain with the Hildreelv weather station north of the massif. Right: distribution of
temperature sensors and excavation pits at the summit. [Color figure can be viewed at wileyonlinelibrary.com]
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Depth [cm]
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FIGURE 5 Left and middle: pictures of Gamlemsveten blockfield. The DGPS pole in the middle is about 1.50 m tall. Right: profile of
excavation pit 2, where layer | describes 60% subangular cobbles and boulders and pores filled with air and some organic material, covered by a
4-9 cm thick layer of dead and alive plant material (mainly moss and heath). Layer Il is a transition zone with 50% clasts (cobbles and boulders,
subangular to subrounded) and pores filled with sand, fine gravel and humous material. Layer Il is a yellow-brown matrix-supported layer with
around 40% subrounded boulders and cobbles, silty sand and some gravel. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Location of the weather station, temperature loggers and excavation pits on Plataberget. The yellow arrow indicates an area with
sorted stripes, as shown in Figure 7. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Plataberget. Left: area with sorted stripes, fine material and small rocks; location indicated in right-hand map of Figure 6. Middle:
angular blocks and air-filled hollows at points 2 and 3. Right: pit 1, 70 cm deep, water-saturated layer above frost table (l1l), medium large

(5-30 cm in diameter) angular blocks and air-filled hollows (1), 50% filled with silt, sand and gravel in lower parts of the pit (Il). [Color figure can be
viewed at wileyonlinelibrary.com]
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1.4 m (for matrix-supported and air-filled, clast-supported stratigra-
phy, respectively). Platdberget was deglaciated between 12 and 11 ka,
according to Hughes et al. (2016).

3 | METHODS

First, we provide an overview of in situ measurements and the
observed blockfield stratigraphies. Thereafter, the idealized blockfield
stratigraphies used as input for the ground temperature modelling are
presented, and lastly modelling of the ground temperature field and
FCl is explained.

3.1 | Insitu measurements

Miniature temperature sensors (DS1922L by Maxim Integrated), also
called iButtons, were placed in a large variety of settings in all three
blockfields. The settings range from depth profiles of two to three
sensors emplaced in fine-grained sediment or into hollows between
blocks (down to 1.20 m below the surface) to single sensors next to
large boulders or situated in hollow spaces between blocks, and from
non-vegetated sites to sites with thick moss cover. The loggers were
distributed to cover the range of morphology and surface characteris-
tics of each blockfield. Additionally, the sensors cover differences in
lithologies (sand- and mudstone for Platafjellet, gabbro on Tron, gneiss
on Gamlemsveten) and elevation above sea level (400-1650 m a.s.l.),
as well as climate (mean annual air temperature [MAAT]: —5.4 to
3.9°C, MAP: 355-3900 mm; Table 1).

The logger resolution was set to 0.0625°C and the measurement
interval to 3 h. The length of the survey was 2 years at Tron and
Plataberget, and 1 year at Gamlemsveten, though only 1 year of data
is used for all the sites. Snow depth was measured with differential
GPS precision at each logger site at the peak of snow depth (end of
March at Gamlemsveten and Tron, end of April/May on Svalbard).
Snow depths were measured in a grid of 5 points, with the first mea-
surement at exactly the logger position and the other four in a 1 m
spacing apart from the central position into each geographic direction,
to capture the variability of snow cover at each site. Snow density
measurements were performed each year at two to three locations/

snow pits per blockfield site.

TABLE 2 Air-filled, clast-supported stratigraphy.

Depth (m) Volume of water/ice content

0-1.5 0.01 0.55
1.5-2.0 0.15 0.75
2.0-10 0.03 0.97

TABLE 3 Matrix-supported stratigraphy.

Depth (m) Volume of water/ice content

0-0.2 0.25 0.7
0.2-2.0 0.3 0.7
2.0-10 0.03 0.97

Volume of mineral content

Volume of mineral content

_WILEYL

At each blockfield site at least two deeper excavations were made

to relate surface forms to subsurface stratigraphies (see Figures 2, 4
and 6 for locations). From those manually excavated pits we logged
the local stratigraphy with regard to grain sizes, porosity, water/ice
and minerogenic/organic content, as well as the coarse fraction of
blocks and rocks. This is needed to model the temperature field below
each logger. The sites generally fall into two categories: first, an open-
work blockfield or ‘air-filled, clast supported’ stratigraphy (Table 2);
and, second a matrix-supported stratigraphy (Table 3). For each of the
89 logger sites the stratigraphy was estimated and documented while
deploying the dataloggers.

The ‘openwork blockfield type’ features larger blocks and rocks
with a high air-filled porosity down to 1.5 m depth, followed by finer
material and stones between 1.5 and 2 m and from 2 to 10 m water-
saturated bedrock with a porosity of 3%, which is in the range of
values assumed by Myhra et al. (2017, 2019) for bedrock in the Nor-
wegian mountains (Table 1). The ‘matrix-supported stratigraphy’ type
features fine (silt, sand, gravel) sediment and some rocks from O to
0.2 m depth, saturated gravel, sand, and clasts from 0.2 to 2 m, and
below 2 m again saturated bedrock with a 3% porosity (Table 2). For
all simulations, the soil freezing characteristic for sand is employed
(Westermann et al., 2013).

3.2 | Simulations of ground temperature profiles

The field measurements of ground surface temperature were used to
force the ground thermal model CryoGrid 2 (Westermann et al., 2013)
to simulate temperature profiles for the two idealized subsurface stra-
tigraphies. For these stratigraphies, time- and depth-resolved fields of
ground temperatures, as well as water and ice contents, were simu-
lated at each logger site, which was subsequently used as input for
evaluations of the FCI (Section 3.3).

CryoGrid 2 is a simple heat conduction model which numerically

solves the heat conduction equation:
oT 0 aT
ceff(z,T)ﬁ—E {k(z,T)E} =0, (1)

with t denoting time (s), T temperature (K), z the depth below the sur-
face (m) and k the thermal conductivity (Wm~t K~%). The effective

Description (mineral soil type sand is assumed)
Blocky layer, air-filled voids
Unsaturated unconsolidated layer

Saturated bedrock layer

Description (mineral soil type sand is assumed)
Blocky layer, voids filled with gravel and sand
Saturated unconsolidated layer

Saturated bedrock layer
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volumetric heat capacity coir (J m™3 K~1) accounts for the latent heat

of freezing/melting of soil water/ice as

a0,
Ceft =C(2,T) +L(9—_,‘f/. (2)

Here, the first ¢ term represents the ‘normal’ heat capacity of the
soil material, which is calculated from the volumetric fractions of min-
eral, water and ice (Westermann et al., 2013). The second term repre-
sents latent heat effects, with L = 334 MJ m~2 denoting the specific
volumetric latent heat of fusion of water, and 96,,/9T the soil freezing
characteristic, which determines the unfrozen water content for tem-
peratures below the freezing point of free water. 96,,/0T depends on
the soil type, and the parametrization of Dall'Amico et al. (2011) is
used in the model. While CryoGrid 2 accounts for the phase change
of soil water and ice, the sum of water and ice contents is assumed
constant; that is, changes in water content due to precipitation and
evaporation are not accounted for. The temperature-dependent ther-
mal conductivity is calculated from the volumetric fractions of the soil
constituents mineral, air, water and ice, following the parametrization
of Cosenza et al. (2003). A detailed description of CryoGrid 2 is pro-
vided in Westermann et al. (2013).

In this study, the temperature forcing at the upper boundary was
provided by the field measurements, and the snow depth was set to
zero as the measurements provide temperatures below the seasonal
snow cover.

For model initialization, we first assign a steady-state temperature
profile with the average annual temperature of the measurements at
the surface and a geothermal heat flux of 50 mW m~2. Secondly, the
model forcing is looped for a number of years until the simulated daily
average temperatures in the uppermost 5 m are stable within 0.01°C
from one to the next annual run.

Figure 8 displays an example simulation with the matrix-
supported stratigraphy for a site on Tron blockfield characterized by a
thick snow cover. During spring, ground surface temperatures are
confined to 0°C for almost 2 months due to the melting snow cover,
while ground temperatures at 1 m depth remain at the freezing point
until February, as the thick snow cover prevents a fast cooling of the
ground. The measurements and simulations suggest that frost crack-
ing only occurs near the surface, as ground temperatures at 0.5 and
1.0 m depth are always warmer than —3°C and thus never reach the
frost-cracking window (FCW; Section 3.3).

3.3 | Modelling of FCI

Following Anderson (1998), Hallet et al. (1991) and Walder and Hallet
(1985) (Equations 3 and 4), we assume that frost cracking occurs by
ice segregation when temperatures in the subsurface are within the
FCW (-3 to —8°C).

We calculate the FCl as a semi-quantitative measure that takes
three aspects into account: (1) subsurface temperatures within the
FCW; (2) the vertical temperature gradient (dT/dz); and (3) a term rep-
resenting the availability of liquid water for segregation ice formation,
as defined in Andersen et al. (2015):

dT . o o
FCI(Z,T) = EVW(Z) if —8°C<T< -3°C 3)
0 else,

where z denotes depth, t time and T temperature. V,,(z) defines the
water volume available for ice segregation:

Vu(2)= /,.qﬁ(z’)wf(z’)e’r(i)dz’. (4)

where ¢ is the porosity, ws is the water fraction (as simulated by
CryoGrid 2, Section 3.2) and e ™ is a penalty function which
depends on the distance the water travels across a path length (I) to

the freezing front and the flow resistance.

4 | RESULTS

4.1 | Temperature measurements

In the Tron blockfield (Figure 9, upper panel), we observed a signifi-
cant variability of surface temperatures during winter, depending on
snow cover and settings of sensors (iButtons) within the blockfield
(mean: 0.6°C; winter temperature range: 9.7 K; winter mean:
—2.15°C; winter standard deviation: 1.35 K; winter period defined as
01 November to 15 April). Measurement sites covered by deep snow
remained relatively warm (above the FCW) and experienced only
minor temperature fluctuations (range: 5 K). Sites with shallow snow
cover followed air temperatures measured at the summit weather sta-
tion more closely, with low temperatures of —12°C and warm spells in

20 T T T T T T
surface temperature from iButton
———0.5m M
10 b 1.0 m snow melt [ ‘ \ * | w‘* R |
TN |
f "‘ zero curtain \ q ﬂ“" W’H/JLA %V‘& )
‘L | - f m/ A\
o /! L e I Y S, | L -~
T~ ——— * ™
| \1 y ‘ A ‘// N T - x ———
L Wy
-10 I | 1 1 I |
Oct Dec Feb Apr Jun Aug

FIGURE 8 Example of temperature modelling at 0.5 m and 1 m depth forced by measured near-surface temperatures and a matrix-supported
stratigraphy, showing a long zero-curtain period at 1 m depth and snow melt occurring throughout May and June. The near-surface temperature
data are from a logger (iButton) at Tron blockfield. At this site, we measured a maximum snow cover of 2.40 m during the measurement period

2018/2019. [Color figure can be viewed at wileyonlinelibrary.com]
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spring. Those sites were more often within the FCW throughout the
season. During summer, the spatial variability of iButton temperatures
is lower than in winter—only sensors placed within hollows and
deeper in between the very porous stratigraphy with large boulders
stayed cooler. During fall, we observe temperatures both within and
outside of the FCW for all sensors, which potentially leads to strong
frost cracking before the onset of snow cover and still relatively high
availabilities of water.

In the Gamlemsveten blockfield (Figure 9 middle panel), we mea-
sured relatively warm near-surface temperatures (mean = 3.4°C) with
medium-high variability during winter (winter mean: —0.6°C; range:
20.7 K; standard deviation: 1.46 K, for all sensors). This coastal moun-
tain often receives warm and moist air masses during winter, which
make air temperatures fluctuate above and below 0°C multiple times
during the winter season. This repeatedly provides liquid water for
refreezing in the rock fractures, causes freeze-thaw cycling, and pulls
temperatures in and out of the FCW (in total, 23 times for the season
2019/2020). A cold spell in fall occurred when the snow cover was
only thin, leading to very cold temperatures (—12°C). In summer, the
spatial distribution of surface temperatures in the blockfield is largely
uniform and temperatures respond almost directly to air temperatures
and solar radiation. A few sensors receive direct solar radiation in
summer and show unrealistically high temperatures, but winter tem-
peratures are not affected, and they are thus retained for the analysis
of frost cracking.

For the Plataberget blockfield (Figure 9, lower panel) located on
Svalbard, iButton temperatures are generally much colder in winter
(mean: —5°C; winter mean: —10.3°C; winter temperature range:
27.8 K; winter temperature standard deviation: 4.4 K) due to shallow
snow cover and colder air temperatures. Here, we observe near-

surface temperatures as low as —28°C. This is most pronounced for

EH-WiLEy

loggers 2, 3 and 7, which were placed in exposed positions and were
often exposed to air temperatures. Logger 1 was placed within a snow
patch which establishes early in fall and remains long into summer.
We observe temperatures generally below the FCW during winter
and some fluctuations into the window in fall and spring. The spatial
distribution of near-surface temperatures is relatively uniform during
spring and the snow melt phase (middle of April until middle of June),
as well as in summer. Here again, fall is the most effective frost-
cracking period of the year, when shallow snow cover, temperature
fluctuations and relatively high amounts of water in the ground pro-
vide a high frost-cracking potential. It is important to consider the
effect of permafrost at Platdberget, as two-sided freezing during fall
rapidly minimizes the available water in the ground and therefore

reduces the potential for frost cracking significantly (see Section 3.3).

42 | Snow cover

The snow cover was measured at each logger site and used to inter-
pret the modelled data, but is not used in the model forcing itself
(snow depth in the model is set to zero as the temperature sensors
measured below snow cover). The average snow cover thickness at
the Tron study site was 107 cm in season 2018/2019, but varied
between 20 and >300 cm. At Gamlemsveten, snow cover thickness at
the temperature logger points varied from 0 to 100 cm, with an aver-
age value of 30 cm for the winter season 2019/2020. In this season,
the snow cover melted away and built up several times at the
blockfield site, due to temperature fluctuations and rain events. At
Plataberget, we measured a mean snow depth at the ground surface
temperature measurement sites of 66 cm with variations from 20 to
130 cm throughout May 2019.

5
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Temperature (°C)

-15L 1 L

Tron (2018-19; n=29)
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Gamlemsveten (2019-2020; n=36)
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FIGURE 9 Mean and range of ground
surface temperatures in all three field
sites. Note the different scales of both y-
and x-axes in each panel. [Color figure can
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be viewed at wileyonlinelibrary.com] Nov  Dec Jan
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4.3 | Frost-cracking window

At each field site, measured near-surface temperatures reached the
FCW for at least some of the logger sites (Figure 9). For the Tron
blockfield, ~20% of the loggers experienced 10-20 days within the
FCW, while the remaining ~80% show a high variability distributed

0.5 T T T T T T T ;
04 mmm  Gamlemsveten }
%] s Tron
_g [0 Plataberget
203 1
o
c
K=l
502 1
o
0.1 1
0 BB IS8T IE2
0 20 40 60 80 100 120 140 160

# of days in FCW

FIGURE 10 Fraction of logger sites at Tron (red), Gamlemsveten
(blue) and Plataberget (yellow) where near-surface temperatures
experience a certain number of days (x-axis) within the frost-cracking
window (FCW). [Color figure can be viewed at wileyonlinelibrary.com]

Air-filled, clast-supporte

Matrix-supported stratigraphy

from 20 to 170 days in the FCW (Figure 10). For the Gamlemsveten
blockfield, ~50% of the loggers are in the FCW for 0-10 days, ~40%
spend 10-20 days within the FCW and ~10% spend 20-35 days per
year in the FCW (Figure 9). At the Platiberget blockfield, all loggers
are in the FCW between 100 and 150 days per year (Figure 10), and
the highest number of days in the FCW were recorded at sites with
deep snow cover. In general, all sites display a strong spatial variability
at scales of hundreds of metres, while Tron in particular showed

strong differences in the number of days spent in the FCW.

44 | Frost-cracking intensities

FCI for all three blockfield sites were modelled from simulated tem-
perature fields below each individual logger, using measured tempera-
tures as the upper boundary condition. The temperature fields depend
strongly on the employed stratigraphies. In Figure 11 we show the
influence of stratigraphy on the temperature field at one temperature
logger per blockfield site. In the left panels, the temperature field
below each logger is modelled for an air-filled, clast-supported stratig-
raphy (see Table 2). In this stratigraphic setting, cold temperatures
generally penetrate deeper into the ground than when modelled for
the matrix-supported stratigraphy (Table 3). For example, at the Tron
blockfield the 0°C isoline reaches 2.5 m depth (exceeds data frame), as

0 ———————‘— 20
15
0.5 %
E 10 g
=
O 5 2
A £
1.5 15)
0 =
9 Tron "
0 20
15
0.5 &
& 10 g
=3
o 5 g
A &
L5 S
0 =
9 Gamlemsveten Gamlemsveten 5
Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug FIGURE 11 Temperature field below
Uy W =0 logger site 21 at Tron blockfield, logger
20 at Gamlemsveten blockfield and logger
0.5 10 ) 7 at Platdberget blockfield, modelled for
E o air-filled, clast-supported stratigraphy and
= 0 ; matrix-supported stratigraphy. Note the
ﬁo. 1 ‘§ different temperature ranges and shifted
é) 0 g, time axes. Black line shows 0°C, magenta
15 ) é line the —3°C curtain and white line the

Y Platabores
Nov Jan Mar May Jul Sep

Nov Jan Mar May Jul Sep

—8°C isotherm. The hatched areas
-20 indicate the frost-cracking window

(FCW). [Color figure can be viewed at

wileyonlinelibrary.com]
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compared to only 1.5 m in the matrix-supported stratigraphy realiza-
tion, while the - 3°C isoline enters only to a depth of 0.5-0.6 m for
short periods during season 2018/2019 for both stratigraphy cases.
Here the depth difference is not as pronounced. For both scenarios,
permafrost would form and there is an active layer of 1.5-2.5m
depth. At Gamlemsveten blockfield the seasonal freezing penetrated
about 1 m (air-filled, clast-supported) to 0.75 m (matrix-supported)
deep and from November until end of May we see repeated crossing
of the —3°C isotherm line. In the air-filled clast-supported stratigra-
phy, these pulses reach a maximum depth of 0.5 m, while in the
matrix-supported stratigraphy they reach a depth of around 0.25 m.

At the Plataberget site we model an active layer of 0.9-1.4 m,
depending on the stratigraphy.

In general, ground temperatures in the air-filled, clast-supported
stratigraphy respond more immediately to changes in air or surface
temperatures, while in the matrix-supported stratigraphy ground tem-
perature changes are buffered at depth.

In Figure 12, we show the FCI calculated for one logger of each
blockfield site for both stratigraphies, to show the impact of ground
material on the FCI during the yearly cycle. At the Tron blockfield the
frost cracking occurs deeper in the air-filled, clast-supported stratigra-
phy (to 0.65 m deep) than in the matrix-supported stratigraphy, but is
100-1000 times more intense in the air-filled, clast-supported

Depth (m)
o o
=~ (V]

S
=3

Tron

Gamlemsveten

Air-filled, clast-supported
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stratigraphy, especially from October to March. After March, most soil
water is frozen and the FCIl values are very low, and about the same
for each stratigraphy.

At Gamlemsveten frost cracking again occurs deeper in the air-
filled, clast-supported stratigraphy, with FCI values between 0.1 and
1 K. In the matrix-supported stratigraphy, frost cracking occurs
shallower (only to 0.3 m depth), but FCI ranges between 5 and 100 K
throughout the winter season. In both stratigraphies we see repeated
‘FCl spells’ penetrating the ground throughout winter and spring.

At Plataberget the difference in FCl is most distinct, showing
values below 0.1 K for the air-filled, clast-supported stratigraphy as
compared to FCl between 10 and 100 K for the matrix-supported
stratigraphy. After the active layer is completely frozen at the end of
November, there is no frost-cracking activity at this field site until the
next fall season. Here, the depth of FCl is comparable for both stratig-
raphies and reaches around 0.6 m during the fall cold spell.

At all sites, we see most intense frost cracking at the beginning of
winter, before or during snow cover establishment and before the
active layer is completely frozen. This is when there is still water avail-
able in deeper layers and steep temperature gradients can occur.
Additional, but less intense pulses of frost cracking occur in spring
during thaw and melt and repeated freezing events. In the maritime

climate of Gamlemsveten, water becomes available multiple times

Matrix-supported stratigraphy

=100

FCI (K)

10

FCI (K)

0.1
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FIGURE 12 Simulated frost-cracking
intensity (FCI) (K) for one logger at each
blockfield site and two different
stratigraphies. Note the logarithmic scale
for FCl in K, the shifted observation
period between Plataberget and the other
two sites, and the cropped depth in
comparison to Figure 11. [Color figure can
be viewed at wileyonlinelibrary.com]
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during the winter season, concurrent with temperature drops into the
FCW. About 95% of the frost cracking at Gamlemsveten occurs above
a depth of 0.35-0.4 m, depending on the stratigraphy.

Finally, we compute the annual average frost cracking intensity
FCI (Andersen et al., 2015)—that is, the depth-integrated and time-
averaged or cumulative FCI, shown in Figure 13, which provides a sin-
gle value for each logger site, characterizing the intensity of frost
cracking at each blockfield site for the two different stratigraphies.

At each blockfield site, the matrix-supported stratigraphy
yielded much higher cumulative FCI (10-100 times more). This large
difference was most pronounced at the Platdberget blockfield site,
while at Gamlemsveten and Tron the difference was lower (around
a factor of 10).

Especially at Tron and Gamlemsveten, the annual average FCI dis-
plays strong spatial variability within the sites, at least partly driven by
the time spent in the frost cracking window (Section 4.3). About a
third of the loggers, for both stratigraphies, experienced no or
extremely low FCI and thus appeared in the zero-bin of the histo-
grams, while there is no logger in the zero-bin for the FCI at
Plataberget blockfield.

5 | DISCUSSION

51 | Model uncertainties

In this study we employ a purely heat-conduction-based model, driven
by measurements of ground surface temperatures, to simulate depth-
resolved ground temperature profiles. The model does not take

advective mechanisms like water percolation and air flow into

Air-filled, clast-supported

account, which can be important factors for ground temperatures in
blocky terrain. However, Gruber and Hoelze (2008) showed that a
purely heat-conduction-based approach can reproduce the negative
temperature anomaly observed for blockfields.

In the model, the sum of water and ice content of each cell is
assumed constant, so that seasonally varying ice tables as, for exam-
ple, presented in Sawada (2003) are not accounted for. In the natural
environment the water content of a ‘grid cell’ responds to precipita-
tion, snow melt, evaporation and drainage. However, as the water
holding capacity of openwork blockfields is limited, these changes are
expected to be small for the air-filled, clast-supported stratigraphy,
while larger changes can potentially occur for the matrix-supported
stratigraphy. While more sophisticated models such as GEOTOP2.0
(Endrizzi et al., 2014) and CryoGrid3 (Zweigel et al., 2021) may
improve simulations of ice and water balance in the blockfields, our
simple approach driven by measurements can capture key factors
governing frost cracking, such as ground surface temperature driven
by local climate and snow cover, as well as differences in the ground
stratigraphy.

The selected stratigraphies for this study are idealized stratigra-
phies constructed from qualitative observation at the three study sites
where both clast-supported blockfield forms with air-filled voids and
matrix-supported blockfield forms exist. Simulated ground tempera-
ture fields and FCI react very sensitively to the different stratigraphic
configurations, resulting in differences of one to two orders of magni-
tude higher in annual average frost cracking intensity.

This suggests that the stratigraphic type of the blockfield is a key
control for the overall FCI despite uncertainties in the stratigraphic
parameters, such as depth of the blocky layer, porosity and water

content.
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5.2 | Factors influencing FCI

Our study design allows us to explore the effect of both climate and
ground stratigraphy on FCI. The three field sites were chosen with the
goal of investigating strongly different climate settings, ranging from a
maritime site with no permafrost (Gamlemsveten) to a high Arctic site
with low precipitation and cold permafrost (Plataberget). This provides
us with a range of around 10°C in mean annual air temperature
(Table 1). For all sites, the influence of the stratigraphy is investigated
by simulating two stratigraphic types—that is, a clast-supported stra-
tigraphy with air-filled pores, and a matrix-supported stratigraphy with
pores filled with fines.

The coldest blockfield site at Plataberget features cold perma-
frost, with an estimated permafrost table at about 0.8-1.5 m depth
(Figure 11) and with annual average ground temperatures between
—4 and —6°C. The FCI for the active layer were extremely low,
between 0.0001 and 0.001 K, depending on stratigraphy and time of
the freezing season. This shows that even in a permafrost setting frost
cracking is possible, but at comparatively low intensities. This suggests
low frost-cracking activity for blockfields in Arctic areas, even in mari-
time settings.

In contrast, the Gamlemsveten blockfield site features high FClI,
with no permafrost and ground temperatures above and below 0°C,
with few very cold weather events. This provides the blockfield with
enough water available for frost cracking during the freezing season.
This maritime site in southern Norway has the highest FCI values. The
blockfield also features the largest amount of vegetation and fine sed-
iment. This is in accordance with findings from Savi et al. (2015), who
state that highest frost-cracking activity in the Alps is associated with
positive MAATSs and temperatures around 0°C.

With a mean air temperature of —2.7°C (Table 1) and thick winter
snow cover, permafrost at the Tron blockfield is likely discontinuous
with simulations showing permafrost at some logger sites and no per-
mafrost at others. Here, FCI are strongly variable in space, but are on
average only slightly lower than at the warmer permafrost-free
Gamlemsveten site.

Our results suggest that permafrost in blockfields, or rather the
climatic conditions favouring permafrost presence, is likely to be an
inhibiting factor for effective frost cracking. In general, very low to
zero frost cracking occurred in settings with low water availability,
as well as too warm and too low temperatures. Water availability is
again connected to stratigraphy and the ground thermal regime of
the different
Ballantyne, 2010). In stratigraphies with a high fraction of fines (silt,

blockfields (see also the discussion in
sand, clay, gravel), we modelled the highest FCI, assuming surface
and ground temperatures were in the frost-cracking window. For
air-filled, clast-supported stratigraphies the lowest FClI were mod-
elled for all sites.

We conclude that the occurrence of the highest FCl is not con-
nected to one factor only but depends on an intricate interplay of sev-
eral factors. High FCl are yielded by (1) air temperatures that are
cycling around 0°C and are also regularly reaching the FCW through-
out winter; (2) a (wet) snow cover that is ‘on’ and ‘off’ throughout the
winter season, possibly with rain events in between snow cover
periods; (3) no permafrost or very warm permafrost with deep active
layers; (4) a matrix-supported stratigraphy with a high fraction of fines

(sand, silt, clay, gravel).
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Vice versa, we can summarize the lowest FCI for conditions of

(1) warm (not reaching the FCW) or very cold air temperatures; (2) sta-
ble, (thick) and cold snow cover in winter, as well as early onset of
snow cover before colder air temperatures occur; (3) cold permafrost,
thin active layer, or no permafrost; (4) a clast-supported stratigraphy
with air-filled pores and no fines.

5.3 | Implications for frost cracking since the last
deglaciation

Our near-surface ground temperature and snow measurements are a
snapshot in time of only 1 year. Compared to the climate normal
1961-1990, the study period had a deviation of mean air temperature
of +2.0°C and 104% of mean precipitation (Table 1). In the area of
the Gamlemsveten site, the temperature deviation from the normal
period was +1.0°C during the study period and mean precipitation
was 140% (Table 1). Temperatures increased strongly at Svalbard in
the Longyearbyen area, with mean temperatures during the study
period +3.7°C warmer than for the normal period. Precipitation was
around 120% of normal during the study period (Table 1).

In conclusion, the study period had warmer air temperatures than
the climate normal, corresponding to approximately 1-2°C warmer
conditions for Tron and Gamlemsveten than during most of the Holo-
cene (Figure 14). It is likely that the temperatures are in a similar range
as during the Holocene thermal maximum. For Plataberget an even
stronger warming was recorded, so that the temperatures during the
Holocene were likely lower than during the study period. As the three
field sites span a range of around 10°C in air temperature, we can use
space-for-time substitution to infer estimates for frost cracking after
deglaciation and during the Holocene. Figure 14 shows a temperature
reconstruction for the Scandinavian landmass (Alley et al., 1995;
Lillegren et al., 2012), which is likely representative for the Tron and
Gamlemsveten sites. In addition, the temperature reconstruction from
the GISP2 ice core is shown (Alley et al., 1995), which may be more
representative for the Plataberget site.
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FIGURE 14 GISP2-Greenland ice sheet ice core data interpreted
temperature deviation from the 1961-90 normal (Alley et al., 1995) in
orange and the reconstruction of Holocene temperature deviation for
the Scandinavian area (Lillegren et al., 2012) in grey. Blue, green and red
diamonds: air temperature deviations for field sites Tron,
Gamlemsveten and Plataberget, respectively (from normal period
1961-90, Table 1). Blue arrows indicate deglaciation at each of the
three field sites. [Color figure can be viewed at wileyonlinelibrary.com]
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Our results suggest that present-day frost cracking is relatively
similar for the climate conditions at Tron and Gamlemsveten sites,
while being significantly smaller for the colder climate on Plataberget.
Since deglaciation, the Plataberget site must have largely experienced
colder climates compared to the study period, which suggests perma-
frost conditions and low FCI throughout the entire period, in a similar
range or possibly even lower than during the study period.

The Tron site deglaciated in the early Holocene. While the FCI
values during the study period are a good indication for frost cracking
values during the Holocene thermal maximum, FCI may have been
lower at the Tron blockfield site during the colder parts of the
Holocene—possibly more comparable to the Platdberget site during
the study period. In these periods, permafrost was likely more wide-
spread at Tron, which supports the assumption of overall lower frost
cracking.

The Gamlemsveten blockfield deglaciated around 15 ka and thus
experienced temperature conditions 6-10°C colder than the study
period until around 11 ka. Space-for-time substitution suggests that
the site may have experienced permafrost conditions comparable to
the Plataberget site during this period, with comparatively low FCI.
During the Holocene thermal maximum, permafrost must have dis-
appeared, in conjunction with frost cracking intensifying to values
similar to the study period. During the colder parts of the Holocene,
temperature conditions likely were still warmer than at the Tron site
today, which suggests persistently permafrost-free conditions, except
for possibly cold periods like the Little Ice Age (LIA). As Tron and
Gamlemsveten feature similar FCI, the results of our study may ade-
quately represent the overall frost cracking intensity during the Holo-

cene at Gamlemsveten.

5.4 | Implications for blockfield development

Our study can provide constraints on the long-term evolution of
blockfields. The first hypothesis is that blockfields formed before or
during the Quaternary and persisted either below a cold-based ice
cover or on ice-free nunataks which prevented them from being
eroded (Rea et al, 1996). Assuming that blockfields were indeed
stable under cold-based ice (Kleman & Glasser, 2007), our results
can shed light on the blockfield evolution and stability during the
ice-free periods (interglacials, interstadials and potentially nunatak
phases). For the air-filled, clast-supported stratigraphy, the simulated
annual average frost cracking intensity was one to two orders of
magnitude lower than for the matrix-supported stratigraphy. This
suggests that, in the absence of fines, blockfields are comparatively
resistant to frost cracking and thus represent a highly stable land-
form, especially in a very cold climate with permafrost conditions
which further reduce frost cracking. If one assumes that FCl is pro-
portional to the weathering rate (Egholm et al., 2015), a difference
of factor 10 in the annual average frost cracking intensity would
suggest that a clast in a blockfield with air-filled voids persists
10 times longer than a clast surrounded by a matrix of fine sedi-
ments. The former could therefore require 10 interglacial periods to
experience the same intensity of frost weathering as the latter in a
single interglacial. Egholm et al. (2015) used a proportionality coeffi-
cient of 1073 K™! a=! between FCl and weathering rate which
would yield column-averaged rates of 1 m/10 ka for the matrix-

supported settings of all blockfield sites (using a typical value for

FCl= 0.1 Km, Figure 13), 1 m/100ka for the clast-supported cases in
Tron and Gamlemsveten (for FCl= 0.01 Km, Figure 13), as well as
1m/1Ma for the clast-supported stratigraphy on Plataberget (for
FCI= 0.001 Km, Figure 13). Although these values are essentially
unconstrained, the comparative stability and longevity of existing
blockfields is certainly consistent with the first hypothesis.

According to the second hypothesis, blockfields formed only after
the last deglaciation, either emerging from glacially scoured bedrock
through weathering, or by frost-induced sorting of clast-rich till. Our
results suggest that clasts embedded in fine sediments would be sub-
ject to comparatively intense frost cracking and thus fast disintegra-
tion of blocks. A blockfield with air-filled voids can only persist if frost
heave of clasts from deeper layers exceeds the frost-induced break-
down of clasts at the surface. Under this condition, blocks would
eventually accumulate at the surface and thus produce a more long-
term stable, clast-supported blockfield with reduced FCI. This process
could be supported by the removal of fine material through wind or
surface wash (Ballantyne, 2010). However, frost heave is restricted to
clasts in the active or seasonal frost layer, which limits the supply of
available clasts on plateaus. The formation of blocks from a bedrock
surface can be facilitated by fractures caused by stresses of an overly-
ing ice sheet and pressure release during deglaciation
(Ballantyne, 2010). The fractures are extended by frost cracking or
chemical weathering until eventually blocks and thus a shallow
blockfield are produced, which would again be comparatively resistant
to frost cracking (see above). To produce a thicker weathering mantle,
a continued production of blocks from the buried bedrock surface is
required. Under the present-day climate conditions of the study sites,
our results suggest that frost cracking is widely limited to the upper-
most 0.5 m. Unless the sites have experienced climate conditions
which allowed for deeper frost cracking, the production of blocks
from the bedrock would have to be facilitated by chemical weathering
during permafrost-free conditions.

Each of the investigated blockfield sites has a different glaciation
history, and landforms and sediment properties observed at or near
the sites may provide insight into their development after deglacia-
tion. Plataberget has signs of till material and old melt-water channels,
but also blocky material and blockfield layering in other places. We
here suggest a polygenetic evolution of the blockfield, which may
have been influenced by light glacial erosion during the early
Weichselian or during the Saalian but was below minimally erosive ice
after that. Fluvial sediment and signs of erosion (fluvially rounded
rocks, traces of melt-water channels) indicate that this plateau was
the main hydrological track of deglaciation for a glacier until those gla-
ciers retreated to another watershed. The areas with air-filled, clast-
supported stratigraphy might be very stable, while the till and fluvial
sediment areas experience more intense frost cracking. This blockfield
cannot have formed during the Holocene time only.

Tron might be the only ‘classic’ blockfield with no erratics or till
present at the summit, showing clast-supported stratigraphy with
sorting and heave processes visible at the surface, and some tors. Due
to its location far inland and at high elevation, we suggest that Tron
summit was often covered by ice during the Quaternary and that the
blockfield formed (and preserved) bit by bit throughout during the
interstadials. It is possible that this blockfield could have experienced
glacial (warm-based) erosion during the early glaciations of the Qua-
ternary and later became a cold-based region of the ice sheets
(Egholm et al., 2017).

95U0|7 SUOWIWOD dA1TERID et jdde au Aq pauseno aJe SajaILe YO ‘8sh J0 3| I0j Akeid 18Ul U A3[IAA UO (SUONIPUOD-pUB-SULIBIALICY" AS |1 Afeiq 1 U1 |Uo//:SdnY) SUONIPUOD pUe SWB 1 84} 885 *[£202/80/20] U0 Arelqiaunjuo Ao|im ‘ABojouyps L 2 80us S JO AIseAIUN UeIBMION NUIN AQ 826G ds3/200T 0T/I0p/W0 A3 | IM Aeiq1jouluo//:Scly WOy papeoumoq ‘G ‘€202 ‘L€86960T



PETER ET AL.

Gamlemsveten blockfield has in certain areas a very thick fine
sediment layer with sand, silt and clay developed below a layer of
larger clasts. It appears to have a long history of ice-free periods dur-
ing the last glaciation and low erosion rates (Sollid & Sgrbel, 1979).
While the high FCI values suggest strong frost weathering and thus a
young age, the findings of clay minerals below the blocky layer
(Roaldset et al., 1982) could be an indication of deep weathering and
at the same time a protection from erosion or low erosion rates during
the Quaternary.

Although the link between FCI and erosion rates is not fully clear,
this study could be an indication that blockfield erosion rates can be
very low in a cold and dry climate. First, a low amount of fine material is
produced at low FCI and because the larger blocks at plateaus or low-
angle slopes are only moved by frost heave on top of the fine material
layer (in an example by Berthling et al., 2001, ploughing boulders moved
up to 10 mm horizontally per year through gelifluction). Secondly, it has
been shown that boulder-armoured slopes are efficiently protected
from erosion in comparison to unconsolidated fine sediment, soil and
bare bedrock surfaces (Granger et al, 2001). Erosion rates possibly
increase when the blockfield becomes unstable; that is, more and more
fines are produced and delivery of blocks from the bedrock interface
stops; thus, the climate becomes warmer and more humid at the site.
Then, with more fines available, the surface is more susceptible to flu-
vial erosion (surface wash from rain). In the case of rapid vegetation
succession, erosion rates might decrease again. Although lateral move-
ment rates cannot be constrained by the study, downslope fluxes are
likely an important part of the ‘block-mass balance’ of the site.

The results of this study cannot conclusively prove or disprove
either of the two hypotheses, but they provide important constraints
on the processes involved in the formation and preservation of the
blockfield landform which can enable and support future work. In par-
ticular, we need to establish quantitative constraints on frost heave of
clasts within sediments and erosion rates for blockfields under differ-
ent climatic conditions and different stratigraphies (which can also
improve interpretation of cosmogenic nuclide dating for blockfields).
Furthermore, it would be desirable to better constrain the proportion-
ality coefficient between FCl and weathering rates (Egholm
et al., 2015). Developing such relationships for blockfields would make
it possible to simulate their climate-driven evolution with the per-
iglacial landscape evolution model by Andersen et al. (2015) and
Egholm et al. (2015). Such a scheme could eventually simulate key
processes for blockfield development, such as the production of
blocks at the bedrock interface, heave of blocks within a sediment
matrix, production of sediments due to frost weathering, as well as
lateral transport due to frost creep (Andersen et al., 2015) and water-
induced movement of fine sediments. With such a model, the differ-
ent hypotheses of blockfield survival, as well as deterioration path-
ways and development of a soil mantle, could be directly evaluated
for different field sites to achieve a better understanding of the life

cycle and lifespan of the blockfield landform.

6 | CONCLUSIONS

We investigated FCI in three different blockfields in Scandinavia and
Svalbard through a modelling approach that calculates FCI from mea-
sured near-surface temperatures, temperature gradients in the ground

column and water availability. These FCI provide insight into frost
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weathering and thus the stability of the blockfield landform in differ-

ent environments.

1. Frost cracking in the blockfields never occurred deeper than about
0.7 m depth, while most intense frost cracking activity is limited to
the uppermost 0.35-0.4 m. In the case of a blockfield with large
boulders and blocks and large spaces in between (no sediment
infill) in the upper layer, which reaches a depth of 1-2 m, frost
cracking occurs to 1.5 m depth, depending on the time point of
snow infill of the hollows.

2. In the Gamlemsveten blockfield, the FCI were the highest of all
sites. The relatively warm winters and hence temperatures fluctuat-
ing above 0°C and in and out of the FCW were the main driver of
high FCI. Additionally, the repeated freezing, snow cover onset and
melting of the snow cover plus winter rain events provided repeated
moisture sources for new frost cracking during the winter season.

3. Lowest FCI were modelled for Plataberget on Svalbard, where it
was often too cold for frost-cracking to occur. At the same time,
the cold permafrost ground and shallow active layer inhibited frost
cracking by reducing water availability during winter.

4. Water availability and stratigraphy strongly affect FCI. At all sites,
the FCI sensitively responded to increases or decreases in water
availability—much more compared to parameters like temperatures
or porosity.

5. The stratigraphy that favoured highest FCI was clasts (blocks and
boulders) sitting in a matrix of sand, silt and gravel (matrix-
supported stratigraphy). This is because the finer material can hold
higher amounts of water than an open-work blockfield. We find
this type of stratigraphy in areas of sorted ground, like sorted cir-
cles and polygonal structures within blockfields. In these settings,
we can also observe a stronger influence of frost sorting across
the ground column. Outside of blockfields but possibly in the same

climate setting, we find this stratigraphy for till deposits.

Our results suggest that plateau blockfields could be a stable landform
with low erosion rates in a certain climate setting. This study is a step
towards a better understanding towards periglacial landscape evolu-

tion and its conceptualization in numerical models.
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