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Long-term frost weathering rates of limestone beach clasts, Fårö
Island, Central Baltic Sea
Jan Boelhouwers , Charlotta Andersson, Rikard Berg, Razia Asad Kandastar,
Alfons Sjöman and Elin Vainionpää Lindgren

Department of Social and Economic Geography, Uppsala University, Uppsala, Sweden

ABSTRACT
The known post-glacial isostatic land rise rates at Fårö Island, Central Baltic
Sea, allowed for the reliable estimation of frost weathering rates of
limestone clasts along five beach profiles. Weathering rates measured by
clast dimension change were quantified over periods ranging between
640 and 2090 years. While the deposited beach materials at each profile
have varying lithostratigraphic compositions these attributes appear to
have no direct influence on the long-term comminution rates. Mean
clast size of initially deposited beach materials is suggested to be
primarily a function of local wave energy and sourced from local rock
platforms. Field observations, climate data and literature point to the
beach materials in the upper 10–20 cm being fractured under an active
diurnal to short-term frost environment that has persisted over the past
1000–2000 years. Pore water freezing by 9% volumetric expansion and
the development of pore water expulsion and hydrofracture is
suggested to increase pore volume and pore interconnectedness over
time and facilitate ice segregation growth. Observed modes of clast
fracture, bursting, flaking and granular disaggregation suggest different
frost weathering mechanisms to operate on different limestone
lithologies. Long term rates of break down appear however not
differentiated by limestone composition.
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Introduction

Coastlines are commonly divided into depositional beach environments with foredune and/or beach
ridge formations and erosional rocky coast environments, characterized by bedrock platforms, cliffs,
stack and arch formations (Naylor et al. 2010). Rock coast weathering studies, including those on lime-
stone, focus typically on coastal platform structure (e.g. Cruslock et al. 2010; Naylor and Stephenson
2010) and degradation by means of Micro Erosion Meters (MEM) (see Stephenson et al. (2010) for a
recent overview). Annual degradation rates of 0.47–1.86 mm/yr over 30 years are reported from New
Zealand (Stephenson et al. 2010), but long-term rates of erosion along rock coasts, and particularly
harder paleozoic limestones, are still considered problematic (Naylor et al. 2010).

Limestone is known to be potentially a highly frost susceptible material (Lautridou and Ozouf
1982; Goudie 1999), reported to be affected by frost action on coastal platforms in western Europe
(e.g. Dornbusch and Robinson 2010; Coombes 2014; Dewez et al. 2015). Mechanisms of frost weath-
ering have traditionally focused on the 9% volumetric expansion upon phase change of water to ice.
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This model necessitates saturated rocks (>91%) and fast cooling rates to temperatures below −5°C in
order to facilitate approximation of closed system conditions in which pore pressure can build up to
facilitate crack growth (McGreevy 1981; Walder and Hallet 1986; Matsuoka and Murton 2008). In
intact rock samples Lautridou and Ozouf (1982) and Lautridou (1988) emphasize omnidirectional
freezing to facilitate hydrofracture by expulsion of unfrozen pore water toward the centre of the
sample, leading to frost cracking from the centre. Walder and Hallet (1985, 1986) further elaborate
this mechanism theoretically, but Matsuoka and Murton (2008) emphasize that the effectiveness of
hydrofracturing remains poorly known. Both the volumetric expansion and hydrofracture mechan-
ism imply to be facilitated by high-frequency frost cycling (McGreevy 1981; Walder and Hallet
1986).

The currently dominant ice segregation ice model of frost weathering favours rock types with high
porosity and pore connectedness, such as chalk (Walder and Hallet 1985, 1986; Murton et al. 2006;
Matsuoka andMurton 2008). It emphasizes unfrozen water mobility to the freezing front, slow freez-
ing rates in porous material and no necessity for high pore water saturation levels. In low porosity
rocks, such as the paleozoic limestone studied here, microcracks can initially develop and intercon-
nect through pore water freezing (Walder and Hallet 1985, 1986). Subsequent macro crack develop-
ment relies on segregation ice development through capillary suction forces and does not require
rock water saturation (Murton et al. 2006).

This study focuses on the weathering of limestone clasts (2–20 cm) along the coast of Fårö,
located just north of the island of Gotland, Sweden (57°55′N, 19°07′E) (Figure 1). The Central Baltic
islands along the Swedish and Estonian coasts are comprised of Ordovician and Silurian limestone
formations with Fårö consisting of Silurian bedrock. The Fårö coastal environment is characterized

Figure 1. Location of Fårö in the Central Baltic Sea and the five beach ridge study sites used in this study.
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by a tidal range of only a few centimetres (Fonselius 1995). Post glacial wave action has resulted in a
typical embayment – headland coastal outline, where deep fracture zones and/or weaker lithostrati-
graphic units (marl and medium crystalline/calcarenites) display embayment topography. In con-
trast reef and stromatoporoid limestones create headlands. Coastal platforms are well developed
along the more resistant coastlines accompanied by stack formations (rauk, Swe) and steep bedrock
slopes or cliffs (klint, Swe). This is particularly true for the northwest coastline, which forms part of
the Silurian Klint (Tuuling and Flodén 2016). Weathering and wave erosion of the coastal bedrock
formations and platforms result in a widespread supply of blocky material for further breakdown,
local littoral transport and accumulation along the coast. Accumulation takes place in the form of
mostly well-rounded pebble-cobble (klapper, Swe) beach ridges above the swash zones of coastal
bedrock formations. This means that the Fårö coastline has large sections of a locally mixed erosional
and depositional environment (Figure 2). Furthermore, due to Holocene isostatic land rise
wide beach ridge coastal zones have developed. As Holocene land rise rates are known
(kartgenerator.SGU.se), beach ridge age can be estimated based on elevation above sea level (see
Methods below). Qualitative observations suggest that as the limestone clastic material ages it breaks
down mechanically into angular small fragments, hypothetically by frost action. It is the aim of this
study to quantify cobble breakdown trends over time scales of 102–103 years in a Nordic coastal
environment. Specific objectives are to (i) measure detailed topographic beach profiles, (ii) develop
a model to estimate age of the measured beach ridges, (iii) test the hypothesis that limestone clasts
break down at measurable rates, (iv) to quantify the clast breakdown trends over time, (v) to make
field observations that may shed light on the mechanisms of weathering.

Study area

Five study areas were selected based on the presence of wide beach ridge plains or slopes consisting of
limestone clasts with little or no vegetation cover (Figure 1). All sites had a coastal bedrock platform
at just below sea level of varying width but typically 10–20 m wide. No ground climate data are avail-
able for Fårö but meteorological data from Fårösund (Figure 1) indicate an annual average of 53 frost
days and 21 freeze days over the 20 year period 1996–2017 (Figure 3). Duration of consecutive freeze
days can lead to short-term freeze periods of 1–2 weeks. The average of the absolute annual mini-
mum temperature over this 20 year period is −10.0°C. These data, of course, remain very limited
approximations in the absence of (i) measured rock temperatures, (ii) potential freezing point
depression by the low salinity coastal water (7 psu, relative to ocean standard 35 psu (Feistel et al.
2010)) and (iii) eutetic point of the pore water. Generalized maps of snow conditions over the
1961–1990 normal period indicate a potential snow cover period from 1/12 to 5/4 with an annual

Figure 2. Mixed erosional/depositional coastline at Langhammars with a headland composed of reef limestone displaying a well-
developed coastal platform and stack development. Coarse beach deposits in the embayment are locally derived from the rocky
coast. Note the 5m high active swash zone as clearly distinct from relict, lichen-covered beach slope deposits.
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average of 70 snow days and an average maximum thickness of 30 cm. These snow conditions are
estimates for the interior of the island, but are considerably lower along the coast (SMHI.se). Further
specific local site attributes are described below.

Norsholmen

The northern part of Fårö has two prominent peninsulas that protrude from the rest of the island.
The eastern of these two is called Norsholmen. The study site is located on the outward northern
flank of a relatively protected embayment, with the beach profile oriented SW (beach line) – NE
(inland). The main lithology found here was crinoid limestone, while reef limestone and stromato-
poroid limestone dominate the peninsula (Erlström et al. 2011). The vegetation at the Norsholmen
beach ridges is more prominent than in the other four study areas. Grass and moss emerge on top of
the beach ridges with distance from the shoreline. Sampling sites are chosen at locations without or
minimal vegetation cover.

Langhammars

Langhammars is the western of the two northern peninsulas (Figure 1). The study site is located in an
exposed embayment, with the beach profile oriented NW-SE. The limestone in this area is a mixture
of medium crystalline limestone (calcarenite), reef limestone, stromatoporoid limestone and crinoid
limestone (Erlström et al. 2011). Along the profile no crinoid limestone was found. No or negligent
vegetation cover was present on the beach ridges.

Helgumannen

This site is located on the northwestern part of Fårö in an embayment, with the beach profile
oriented N-S. The limestone in the area consists mainly of medium crystalline limestone with
elements of stromatoporoid limestone (Erlström et al. 2011). No or negligent vegetation cover
was present on the beach ridges.

Figure 3. Number of diurnal frost days (Tmin < 0°C) and freeze days (Tmin and Tmax < 0°C) per hydrological year (starting 1st October
the previous year) at the coastal Fårösund meteorological station (13 m.a.s.l.) for the period 1996–2017.
Source: SMHI.se.
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Stora Gattet

This site lies on the western part of Fårö and flanks the straight (Fårösund) to Gotland. About 300 m
to the west of the site lies the small island of Aurgrunn. The beach profile has a W-E orientation. The
limestone is mainly composed of reef limestone and medium crystalline limestone (Erlström et al.
2011). No or negligent vegetation cover was present near the coast, but some moss and grass was
found on top of the most inland beach ridges.

Ryssnäs

The southern headland of Fårö is named Ryssnäs with wide beach plains, especially on its eastern
shores. Here the beach profile is oriented ESE –WNW. The local limestone consists mostly of argil-
laceous medium crystalline limestone and coarse crystalline limestone (Erlström et al. 2011). No or
negligent vegetation cover was present on the beach ridges.

Methods

Topographic beach profiles

At each of the five study sites a topographic beach profile was measured from the shoreline inland
and oriented orthogonal to the parallel beach ridges. The equipment used for reliable measurement
of both height and distance is based on Andrade and Ferreira (2006). The equipment used consists of
two wooden poles connected with an acrylic transparent tube filled with water. Each rod has a tape
measure and tube section attached along its length that functions to measure the horizontal water
levels in the communicating vessels. Plastic elbows at the base of the fixed tubes avoids nicks in
the tube and free water movement. Care was taken to avoid any air bubbles in the water tube before
profiling.

Minor modifications were made to Andrade and Ferreira (2006). First a spirit-level was installed
on each pole to make sure each pole was vertically oriented in the field. Vertical accuracy obtained in
readings was within 0.5 cm. Distance between the poles was measured by means of a laser distance
metre in millimetres. The laser instrument was placed against the base of the upper pole, pointing
horizontally towards the lower positioned pole. Since measurement took place at times in windy con-
ditions no single measurement could be precise under such conditions, despite the exactness of the
laser tool. In such cases several measurements were obtained and if the laser pointer did not repeat
any definitive figure, a mean value between adjacent figures was calculated and applied, with esti-
mated accuracy of 2–3 cm. Third, distances between measurements were limited to 2–3 m, instead
of the 4–5 m suggested by Andrade and Ferreira (2006), which also improved accuracy.

Beach ridge age estimation

Estimation of beach ridge age relies on the relationship between the height above sea level of the base
of the beach ridge and historical rates of sea level rise. Rates of land rise at each study site is based on
the Swedish Geological Survey (SGU) sea-level displacement model (Påsse and Daniels 2015) as
available in the SGU online map generator (https://apps.sgu.se/kartgenerator/maporder_sv.html).
Results are summarized in Table 1. Based on the obtained vales a third-order polynomial function
could be established for each site that calculates age (ka CalBP) based on elevation above sea level
(m.a.s.l.), as summarized in Figure 4.

An essential assumption in this elevation-age correlation is that beach ridge formation has histori-
cally taken place under similar wave conditions as today. Beach ridge formation today takes place at
the upper margin of the active swash zone, presumable under regular storm conditions and closely
resembles the model in Masselink et al. (2003, Fig. 8.34d). This model also implies the assumption
that beach material supply has not been a restriction on beach ridge formation, which is supported
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by the continuous beach ridge plain development at all sites. Local beach slope conditions will have
had an impact on spacing of the ridges with shoreline retreat taking place faster along low-angles
coast plains and thus wider spacing of beach ridges. However, this is assumed not to affect the
elevation at which a beach ridge developed.

As the aim of this study is to determine weathering rates of beach clast material, the age deter-
mination commences after stabilization of the beach ridge. Each beach profile indicates the border
between active swash zone and relict beach ridges and establishes a ‘zero age datum line’ which
marks the elevation at which age calculation starts. This line is illustrated in Figure 2 as the sharp
border between the pale-white coloured active swash zone and the grey, lichen-covered relict
beach material.

Measuring clast size

Weathering is measured along the beach profiles at a minimum of six beach ridges. Sample sites were
as much as possible placed at regular intervals along the profile and placed at 1m on the landward

Table 1. Beach line elevation in metres above current sea level (m.a.s.l.) with age in ka Cal BP according to Swedish Geological
Survey map generator (https://apps.sgu.se/kartgenerator/maporder_sv.html).

Age i ka CalBP 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 6 7 8 9

Norsholmen 1 2 3 5 6 8 9 11 13 15 19 23 26 28
Langhammars 1 2 3 5 6 8 9 11 13 15 19 23 26 28
Helgumannen 1 2 3 5 6 8 9 11 12 14 18 22 25 27
Stora Gattet 1 2 3 5 6 7 9 10 12 14 18 21 24 26
Ryssnäs 1 2 3 4 6 7 8 10 11 13 17 20 22 24

Figure 4. Beach line elevation in m.a.s.l. versus age in ka Cal BP and the third order polynomial trend lines for each study site, based
on data in Table 1.
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side of the top of the beach ridge. This location was consistently used as clast sorting in beach ridge
formation resulted in the largest clast sizes to be present slightly inland from the ridge crest. In a few
cases the ridge crest was unclear and the sample site was selected where clast size was largest on the
ridge. At least one sample site was located in the active swash zone to provide an indication of cur-
rent material size deposition. A key assumption in the interpretation of clast size changes along the
beach profile with elevation and age is that original clast sizes deposited over time are similar to those
sampled in the current swash zone.

At each sample site an area of 50 × 50 cm was marked and fifty clasts were randomly selected (by
facing away) from the surface and their a-, b- and c-axes measured in mm. Where clast size became
small an area of 25 × 25 cm was used. Operator error between persons measuring was assessed by
independent measurement of twelve clasts between 6 and 15 cm a-axis and resulted in a variability
of ±2 mm for all axes and is not further considered. The majority of clasts was measured by the same
two people. At Helgumannen results from a previous pilot study were used using the same measure-
ment protocols. Only limestone clasts were measured although at some locations a low percentage
(<5%) of glacial erratics were mixed in the beach material.

Water absorption capacity

Large unweathered limestone clasts between 0.5 and 2.7 kg were collected from the Langhammers’
swash zone for testing of water absorption capacities. The samples were immersed in water for 24 h
under atmospheric conditions, then wiped dry and weighed (Wsat). Subsequently the stones were
oven dried at 105°C over 24 h then weighed upon cooling (Wdry). Water content as percentage
weight was calculated as (Wsat−Wdry)/Wdry*100.

Field observations of weathering

At all sites, clast size and shape appears to follow a trend from sea level inland by progressing from
rounded beach clasts to increasingly smaller, fractured and angular material resulting in uniform
gravel-sized clasts. The transition is illustrated along the Langhammars beach profile in Figure 5.

The mode of weathering of the clast material is illustrated in Figure 6. Large clasts may split right
through or completely fracture. In many cases, the clasts show irregular surface-parallel fracture
planes or flaking, reminiscent of flaking by wetting and drying in argillaceous sedimentary rock
(Robinson and Moses 2011; Coombes 2014). The fractures are highly angular and in general angu-
larity of the clasts increases dramatically away from the coast. Particles down to 2 × 1.5 × 0.5 cm are
still subject to fracture. Apart from marlstone at Ryssnäs, none of the weathering features in Figure 6
were observed in the active swash zones at the study sites.

Frost action is common on the beach deposits and with age display vertically tilted platy clasts in
irregular patterns characteristic of periglacial patterned ground (Figure 6a). Where sufficient fines
are present, small domes of frost-heaved fines and needle-ice patterned ground can be observed.
An excavation through a beach ridge a few hundred metres north of Helgumannen shows the
small fractured material to be constrained to the upper 10 cm of the beach ridge, with intact sub-
angular platy clasts present beneath this surface layer. Clast breakdown is clearly restricted to this
surface layer of the beach deposits (Figure 6b). Propensity for breakdown varied between the differ-
ent limestone types found on the island. At Ryssnäs, Langhammars and Norsholmen the number of
actively cracking clasts (sharp-edged, in-situ fractures without lichen cover, as in Figure 6c,e) were
counted by lithology, irrespective of size, within a 1 m2 quadrant at each measurement station along
the beach profile (Figure 7). Argillaceous fine-crystalline limestone and marlstone (Ryssnäs) breaks
down rapidly even in the active wash zone and shows high frequencies in each quadrant along the
profile. The Langhammars profile displays rapid initial breakdown of medium crystalline limestone
upon stabilization of the beach ridge, followed by reef limestone and stromatoporoid limestones
which remain as the largest clasts along the profile when the weaker lithologies have been reduced
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to small fragments. Crinoid limestone dominates at Norsholmen and shows low numbers of frost
cracking that appear after an initial period of frost resistance. Based on these visual observations
frost susceptibility amongst the lithologies is provisionally ranked as follows: marlstone > medium
and coarse crystalline limestone > crinoid limestone > reef limestone > stromatoporoid limestone.

Results of the water absorption capacity measurements are presented in Table 2. Relative ranking
of water content values corroborates the relative frost resistance of reef and stromatoporoid lime-
stones, but it must be noted that the values obtained for these Paleozoic limestones are much smaller
than reported for Mesozoic limestones and chalk of Britain, Normandy and Canada (e.g. Lautridou
and Ozouf 1982; Goudie 1999; Kanyaya and Trenhaile 2005; Dewez et al. 2015). All values are lower
than would be obtained from vacuum saturation (e.g. Kanyaya and Trenhaile 2005), but even so
would be considered non-frost-susceptible by Lautridou and Ozouf (1982) and appears to corrobo-
rate the relative durability of limestone as a building material on Gotland (c.f. Goudie 1999).

Beach ridge profiles and sample site age estimation

The beach profiles measured at each study site are presented in Figure 8 with site selection based on
(i) presence of widest beach ridge plain with (ii) clearly defined ridges for measurement and (iii) rela-
tive absence of vegetation The profiles illustrate the elevation of the active swash zone above the
coastal platform (0 m in each profile) as marked by the concave upward profile and the vertical mar-
ker line. The Langhammars profile stands out with wave action up to 5.0 m.a.s.l. metres (see also
Figure 2), contrasting with Norsholmen (1.2 m.a.s.l.), Helgumannen (3.1 m.a.s.l.), Stora Gattet
(1.7 m.a.s.l.) and Ryssnäs (2.4 m.a.s.l.). These elevations also mark the position of the transition
from active to relict beach ridges (vertical lines in Figure 8; Figure 2) and thus the elevation at
which in situ weathering processes commence on relict beach clasts (zero-age datum lines in Figure
8). The ‘corrected age’ of the first sample of relict beach ridge material is thus based on the elevation
difference between sea level and the zero-age datum (the upper location of the active swash zone).

Figure 5. Clast size and shape variation along the Langhammars beach profile presented in Figure 8. Position of the photographs
correspond to the following numbered sample sites in Figure 8: (a) site 2, (b) site 3, (c) site 4, (d) site 5, (e) site 7, (f) site 9.
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Ridge topography appears less clear at Langhammars but this may partly be an artefact from the
wider spacing of the observation points. The profile for Norsholmen indicates the first two
depressions between the youngest beach ridges to reach below the zero-age line which creates an
uncertainty of max. 90 years for the zero-age datum (Figure 8). The beach profiles are mostly recti-
linear above the active swash zone, with Langhammars and Helgumannen displaying a concave
upward back slope beyond a distance of ca. 70 m respectively 50 m distance. The slope gradients
along the rectilinear transects are similar between Norsholmen (1.8°), Langhammars (2.5°), Stora
Gattet (2.4°) and Ryssnäs (2.1°) with Helgumannen somewhat steeper at 4.1°.

Based on the beach ridge profiles sample site elevations are used to estimate site age based on the
trend line formulas presented in Figure 4. Results of the elevation-age estimations are summarized in
Table 3. Based on margin of error in elevation measurement, distance along the profile and sea level
rise rates, uncertainty in age estimation ranges from 4 yr at zero-age datum to 120 yr at the ninth
sampling station (where applicable). Sample site age was then adjusted by subtracting the age

Figure 6. Illustration of the mode of limestone clast fracturing along the Fårö coast: (a) fractured and flaking argillaceous medium-
crystalline limestone clasts with soil frost structures (vertical stacking and micro-scale patterning) in surrounding material at Ryss-
näs; (b) cross section through a beach ridge north of Helgumannen displaying original depositional core material and mechanical
fracturing of the upper 10 cm, corrected age c. 1 ka; (c) fractured recently deposited fine crystalline limestone at Ryssnäs, note the
presence of glacial erratics; (d) granular disaggregation of relict, lichen-covered beach clasts composed of coarse limestone with
fossil fragments, rounded clast in top left is ca. 5 cm in length (Langhammars); (e) shattered recently deposited fine crystalline
limestone at Ryssnäs, note the presence of glacial erratics; (f) recently deposited marlstone displaying fine flaking of its surface,
Ryssnäs.
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value at the zero-age datum elevation in each profile (‘Corrected age’ in Table 3). All further analysis
is based on corrected age values.

Clast size variations with age

The mean and median of A-, B-, C-axes of the fifty clasts measured at each sample site are summar-
ized in Table 3. Outliers were removed from each sample based on values exceeding Q3 + 1.5 × Inter-
quartile Range (IR) and lower than Q1− 1.5 × IR. The final sample size is indicated by ‘n-outliers’.
Rates of axis reduction in mm/yr are calculated based on the difference in mean clast axis between
two samples and their age difference (Table 3). Negative values in the rates calculation suggest a clast
size increase with age and are considered part of the inter-sample site variability and have been
removed from further analysis. In order to facilitate comparison between the five profiles, clast
axis-length decrease over time is also presented as the percentage length remaining from the
mean of the most recent relict deposit (near zero-age datum).

The trends in clast breakdown based on mean axis length values with age for all five beach
profiles, as well as a visual presentation of changes in rates of axis decline are presented in Figure 9.
Note that Excel calculates R2 based on a log-lin transformation as described in the trendline func-
tions. Figure 8a–c present logarithmically declining axis length values over time with highly signifi-
cant correlations with age for especially the A- and B- axes. In contrast, C-axis values are more

Figure 7. Number of actively fracturing stones sorted by lithology within 1 m2 at Ryssnäs, Langhammars and Norsholmen. Sample
locations 1 at Ryssnäs, 1 and 2 at Langhammars and 1 at Norsholmen are located in the active swash zone.

Table 2.Water absorption capacity by % weight of the different limestone lithologies found in the
Langhammars active swash zone.

% (weight)

Coarse crystalline (n = 2) 1.85
Medium-coarse crystalline (n = 2) 1.3
Medium crystalline (n = 4) 0.68
Stromatoporoid limestone (n = 2) 0.15
Reef limestone (n = 2) 0.1
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Figure 8. Beach profiles as measured at the five study sites. Numbered red dots mark the clast size sample locations. The vertical
line in each profiles separates the active swash zone from relict beach ridge deposits. The horizontal line indicates the elevation
from which weathering age is estimated (zero-age datum).
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Table 3. Summary of: Mean and Median (mm) of clast dimensions (A-, B-, C-axis) after removal of outliers from the original sample
(n-outliers); sample site Elevation (m.a.s.l.); Age estimation based on trend line functions in Figure 4 (ka CalBP) and Corrected age
(Age corr.) based on elevation above the zero-datum line (ka CalBP) (Figure 8).

A-axis
Norsholmen 1 2 3 4 5 6 7 8 9
n-outliers 44 47 48 48 48 47 47 44 46
Mean (mm) 77,18 58,98 70,63 65,54 61,42 48,83 44,94 28,18 22,11
Median (mm) 76 60 71,5 62 56,5 46 40 28 21
Elevation (masl) 0,67 1,31 1,13 1,34 1,32 1,75 1,82 2,28 3,04
Age (ka CalBP) 0,33 0,64 0,56 0,65 0,64 0,84 0,87 1,07 1,40
Age corr. (ka CalBP) 0,08 0,07 0,27 0,30 0,50 0,82
Rate (mm/yr) −0,370 0,064 0,125 0,082 0,019
%remaining 100 93,71 74,50 68,56 43,00 33,73

Langhammars 1 2 3 4 5 6 7 8 9
n-outliers 46 48 45 44 47 40 43 49 48
Mean (mm) 95,00 59,65 101,29 42,14 39,96 22,43 22,00 45,71 18,81
Median (mm) 91 58 100 33 38 17 19 41 18
Elevation (masl) 1,75 2,58 5,11 5,94 6,10 6,83 8,20 9,30 11,94
Age (ka CalBP) 0,84 1,20 2,19 2,48 2,54 2,78 3,20 3,52 4,23
Age corr. (ka CalBP) 0,05 0,35 0,40 0,64 1,07 1,38 2,09
Rate (mm/yr) 0,203 0,040 0,073 0,001 −0,074 0,038
%remaining 100 41,60 39,45 22,14 21,72 45,13 18,57

Helgumannen 1 2 3 4 5 6 7
n-outliers 43 46 46 44 41 48 46
Mean (mm) 61,67 88,76 82,24 57,32 36,83 41,79 33,26
Median (mm) 54 86 81,5 58 37 41,5 32,5
Elevation (masl) 0,52 3,14 3,41 3,70 4,05 4,49 4,78
Age (ka CalBP) 0,26 1,42 1,53 1,65 1,78 1,95 2,06
Age corr. (ka CalBP) 0,01 0,11 0,23 0,36 0,53 0,64
Rate (mm/yr) 0,067 0,209 0,153 −0,029 0,078
%remaining 100 92,65 64,58 41,49 47,08 37,47

Stora Gattet 1 2 3 4 5 6 7 8 9
n-outliers 42 46 47 47 49 47 48 48 46
Mean (mm) 51,05 55,74 57,68 54,74 38,63 30,74 31,40 29,48 17,93
Median (mm) 50 52,5 56 55 40 29 32 28 17,5
Elevation (masl) 0,72 2,10 2,18 2,19 2,64 2,88 3,20 3,85 4,67
Age (ka CalBP) 0,37 1,02 1,06 1,06 1,26 1,37 1,50 1,77 2,09
Age corr. (ka CalBP) 0,22 0,23 0,43 0,53 0,67 0,94 1,23
Rate (mm/yr) 0,489 0,081 0,076 −0,005 0,007 0,040
%remaining 100 94,91 66,98 53,30 54,43 51,11 31,09

Ryssnäs 1 2 3 4 5 6 7 8
n-outliers 46 46 47 46 48 47 46 46
Mean (mm) 69,52 55,50 66,40 51,00 31,56 32,57 34,83 31,91
Median (mm) 62,5 54 58 46,5 29 31 30 29,5
Elevation (masl) 2,13 2,50 2,87 2,94 3,69 4,12 4,68 5,30
Age (ka CalBP) 1,11 1,29 1,46 1,49 1,81 2,00 2,22 2,46
Age corr. (ka CalBP) 0,03 0,20 0,23 0,56 0,75 0,97 1,21
Rate (mm/yr) −0,064 0,509 0,059 −0,006 −0,010 0,012
%remaining 100,00 119,65 91,89 56,87 58,69 62,75 57,50

B-axis
Norsholmen 1 2 3 4 5 6 7 8 9
n-outliers 44 47 48 48 48 47 47 44 46
Mean (mm) 52,50 38,30 45,25 44,02 39,42 31,17 28,40 20,36 16,00
Median (mm) 47,5 39 45 39,5 35 30 28 20 16
Elevation (masl) 0,67 1,31 1,13 1,34 1,32 1,75 1,82 2,28 3,04
Age (ka CalBP) 0,33 0,64 0,56 0,65 0,64 0,84 0,87 1,07 1,40
Age corr. (ka CalBP) 0,08 0,07 0,27 0,30 0,50 0,82
Rate (mm/yr) −0,413 0,042 0,089 0,039 0,014
%remaining 100 89,54 70,81 64,52 46,26 36,35
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Langhammars 1 2 3 4 5 6 7 8 9
n-outliers 46 48 45 44 47 40 43 49 48
Mean (mm) 68,98 47,56 76,53 27,86 29,26 13,03 15,19 32,88 13,23
Median (mm) 66,5 46 77 24,5 28 12 14 28 12
Elevation (masl) 1,75 2,58 5,11 5,94 6,10 6,83 8,20 9,30 11,94
Age (ka CalBP) 0,84 1,20 2,19 2,48 2,54 2,78 3,20 3,52 4,23
Age corr. (ka CalBP) 0,05 0,35 0,40 0,64 1,07 1,38 2,09
Rate (mm/yr) 0,167 −0,026 0,068 −0,005 −0,055 0,028
%remaining 100 36,41 38,23 17,02 19,84 42,96 17,29

Helgumannen 1 2 3 4 5 6 7
n-outliers 43 46 46 44 41 48 46
Mean (mm) 39,23 56,39 55,43 40,11 20,32 25,29 19,5
Median (mm) 36 56 53 39 23 27 18
Elevation (masl) 0,52 3,14 3,41 3,70 4,05 4,49 4,78
Age (ka CalBP) 0,26 1,42 1,53 1,65 1,78 1,95 2,06
Age corr. (ka CalBP) 0,01 0,11 0,23 0,36 0,53 0,64
Rate (mm/yr) 0,010 0,129 0,148 −0,029 0,053
%remaining 100 98,30 71,13 36,03 44,85 34,58

Stora Gattet 1 2 3 4 5 6 7 8 9
n-outliers 42 46 47 47 49 47 48 48 46
Mean (mm) 34,90 37,91 35,68 37,64 23,27 18,64 20,67 21,65 11,78
Median (mm) 34,5 35,5 34 37 22 18 20 19,5 11,5
Elevation (masl) 0,72 2,10 2,18 2,19 2,64 2,88 3,20 3,85 4,67
Age (ka CalBP) 0,37 1,02 1,06 1,06 1,26 1,37 1,50 1,77 2,09
Age corr. (ka CalBP) 0,22 0,23 0,43 0,53 0,67 0,94 1,23
Rate (mm/yr) −0,326 0,073 0,044 −0,015 −0,004 0,034
%remaining 100 105,49 65,20 52,24 57,92 60,67 33,02

Ryssnäs 1 2 3 4 5 6 7 8
n-outliers 46 46 47 46 48 47 46 46
Mean (mm) 47,09 42,15 43,83 33,24 20,48 23,15 23,15 22,28
Median (mm) 48 39,5 43 28 19 21 21,5 20
Elevation (masl) 2,13 2,50 2,87 2,94 3,69 4,12 4,68 5,30
Age (ka CalBP) 1,11 1,29 1,46 1,49 1,81 2,00 2,22 2,46
Age corr. (ka CalBP) 0,03 0,20 0,23 0,56 0,75 0,97 1,21
Rate (mm/yr) −0,010 0,350 0,039 −0,015 0,000 0,004
%remaining 100 103,98 78,86 48,58 54,92 54,93 52,86

C-axis
Norsholmen 1 2 3 4 5 6 7 8 9
n-outliers 44 47 48 48 48 47 47 44 46
Mean (mm) 25,09 22,60 26,06 18,92 17,42 16,17 16,62 11,52 8,67
Median (mm) 24 22 27 19 17 15 16 10,5 8
Elevation (masl) 0,67 1,31 1,13 1,34 1,32 1,75 1,82 2,28 3,04
Age (ka CalBP) 0,33 0,64 0,56 0,65 0,64 0,84 0,87 1,07 1,40
Age corr. (ka CalBP) 0,08 0,07 0,27 0,30 0,50 0,82
Rate (mm/yr) −0,135 0,006 −0,014 0,025 0,009
%remaining 100 92,07 85,48 87,84 60,91 45,85

Langhammars 1 2 3 4 5 6 7 8 9
n-outliers 46 48 45 44 47 40 43 49 48
Mean (mm) 26,48 13,08 17,07 6,91 10,21 2,88 7,35 13,10 7,06
Median (mm) 26 12,5 18 7 8 3 7 13 6
Elevation (masl) 1,75 2,58 5,11 5,94 6,10 6,83 8,20 9,30 11,94
Age (ka CalBP) 0,84 1,20 2,19 2,48 2,54 2,78 3,20 3,52 4,23
Age corr. (ka CalBP) 0,05 0,35 0,40 0,64 1,07 1,38 2,09
Rate (mm/yr) 0,035 −0,061 0,031 −0,010 −0,018 0,009
%remaining 100 40,48 59,84 16,85 43,06 76,77 41,38

Helgumannen 1 2 3 4 5 6 7
n-outliers 43 46 46 44 41 48 46
Mean (mm) 24,40 24,26 18,54 20,00 4,39 9,08 5,543478
Median (mm) 22 22 17,5 15 4 11 4,5
Elevation (masl) 0,52 3,14 3,41 3,70 4,05 4,49 4,78
Age (ka CalBP) 0,26 1,42 1,53 1,65 1,78 1,95 2,06
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variable over time although correlations of determination remain significant (F-test p < 0.01 for all
correlations). A-axis values of relict beach ridge material at the five profiles range initially between ca.
100 and 55 mm and decrease to 42–30 mm at 0.5 kyr, and 35–22 mm at 1 kyr. B-axis values range
between sites from an initial 76–40 mm to 30–20 mm at 0.5 kyr and 23–15 mm at 1 kyr, for the
C-axis these trends are 24–15 mm, 13–5 mm at 0.5 kyr and 13–6 mm at 1 kyr. Calculating mean
axis length at fixed exposure time intervals, based on the trend line formulas in Figure 9, further illus-
trates the comparative rates of clast reduction to increasingly similar dimensions between sites and
axes (Table 4).

Clast size variability in A- and B- axes clearly exists initially between beaches but becomes more
uniform over the exposure period of ca. 1 kyr. The clast size ranges suggest little breakdown after ca
0.5 kyr although trend lines for most profiles and dimensional axes continue to decline with time
(Figure 9a–c). Curvatures of the A-axes for Norsholmen, Langhammars, Stora Gattet point at similar
decline rates with time. On the other hand Helgumannen and especially Ryssnäs show a stronger
levelling out of clast size change after the first ca. 300 years. Similar patterns between the five profiles
also exist for the B-axis. For the C-axes, Stora Gattet and Helgumannen still show continued break
down after 0.5 kyr, but Norsholmen and especially Langhammars and Ryssnäs show distinct asymp-
totic levelling out of C-axis lengths after ca. 0.35 kyr.

Rates of axis length change in mm/yr are presented in Table 3. Negative values obtain if elevation
decreases along the profile (e.g. Norsholmen, Stora Gattet) or clast dimension increases (Langham-
mars, Helgumannen, Ryssnäs) and are disregarded from further analysis. Initial A-axis weathering

Table 4. Mean axis length (mm) at fixed exposure time intervals as calculated from the trendline formulas in Figure 9.

A-axis (mm) B-axis (mm) C-axis (mm)

Exposure time (kyr) 0.01 0.1 0.5 1 0.01 0.1 0.5 1 0.01 0.1 0.5 1

Norsholmen 98 60 31 21 63 49 25 15 26 18 12 10
Langhammars 124 77 44 29 93 67 31 20 18 13 9 8
Helgumannen 96 64 42 33 63 41 26 20 41 25 13 8
Stora Gattet 121 72 38 23 76 46 24 15 26 16 9 6
Ryssnäs 75 55 41 35 54 39 28 23 17 14 11 10

Age corr. (ka CalBP) 0,01 0,11 0,23 0,36 0,53 0,64
Rate (mm/yr) 0,059 −0,012 0,116 −0,027 0,032
%remaining 100 76,43 82,44 18,10 37,44 22,85

Stora Gattet 1 2 3 4 5 6 7 8 9
n-outliers 42 46 47 47 49 47 48 48 46
Mean (mm) 20,62 15,89 17,28 21,43 14,55 11,04 10,96 10,79 6,39
Median (mm) 19 16,5 17 21 14 10 10,5 9,5 6
Elevation (masl) 0,72 2,10 2,18 2,19 2,64 2,88 3,20 3,85 4,67
Age (ka CalBP) 0,37 1,02 1,06 1,06 1,26 1,37 1,50 1,77 2,09
Age corr. (ka CalBP) 0,22 0,23 0,43 0,53 0,67 0,94 1,23
Rate (mm/yr) −0,691 0,035 0,034 0,001 0,001 0,015
%remaining 100 124,01 84,22 63,92 63,43 62,46 36,99

Ryssnäs 1 2 3 4 5 6 7 8
n-outliers 46 46 47 46 48 47 46 46
Mean (mm) 19,96 15,07 12,89 13,15 11,17 8,27 12,71 9,17
Median (mm) 20 13 11 11 11 8 12,5 9
Elevation (masl) 2,13 2,50 2,87 2,94 3,69 4,12 4,68 5,30
Age (ka CalBP) 1,11 1,29 1,46 1,49 1,81 2,00 2,22 2,46
Age corr. (ka CalBP) 0,03 0,20 0,23 0,56 0,75 0,97 1,21
Rate (mm/yr) 0,013 −0,009 0,006 0,016 −0,020 0,015
%remaining 100 85,59 87,30 74,12 54,87 84,37 60,89

Notes: Rate (mm/yr) refers to change in Mean (mm) dimension between two time intervals (Age corr.); % remaining is based on
Mean (mm) change in axis length between two time intervals (Age corr.) as a percentage of original mean axis length (100%). See
text for further details.
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Figure 9. (a–c) Summary of trends in clast breakdown (Mean axis length in Table 3) with age (see text for explanation of ‘corrected age’) for all five beach profiles and grouped by dimensional axis. Note
the varying vertical scales between the graphs. (d) Variability in calculated rate of change in mean axis length between two sample sites for all five study sites combined, expressed in mm/yr, where the
age difference is based on corrected age (Table 3); values lower than −0.2 mm/yr are not shown.
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rates vary between 0.5–0.07 mm/yr and decline to 0.08–0.04 mm/yr at 0.5 kyr and 0.04–0.00 mm/yr
at 1 kyr. For the B-axis, breakdown rates range initially at 0.35–0.01 mm/yr, reach 0.07–0.04 mm/yr
at 0.5 kyr and 0.03–0.00 mm/yr at, and after, 1 kyr. Comparative C-axis ranges are 0.06–0.01 mm/yr,
0.03–0.00 mm/yr at 0.5 kyr and 0.01–0.00 mm/yr at 1 kyr.

A third measure of clast size change calculates the mean clast length at a sample location as a per-
centage of the mean clast length of the lowest elevation relict sample of the beach profile (Table 3).
The calculated value is presented as ‘% remaining’ in Table 3. For example, at Norsholmen, A-axis
site 5, mean axis length (61.42) is divided by mean axis length at site 4 (65.54) which gives 0.9371 or
93.71% remaining. Plots of the obtained values are normalized with elapsed time starting at 0 ky for
all sites, which allows for direct comparison of breakdown rates between beach profiles (Figure 10).
Remarkably high R2 values are obtained for logarithmic trend lines for all axes and profiles. Break-
down rates for the A- and B-axes are the highest at Langhammars and lowest at Ryssnäs for the one
thousand year period covered. Norsholmen, Helgumannen and Stora Gattet have remarkably similar
rates of A-axis decline over at least 500 years. For the B-axes trends the three sites are slightly more
differentiated. C-axes rates of decline are well differentiated between the beach profiles with Helgu-
mannen > Langhammars > Stora Gattet > Norsholmen > Ryssnäs. Apart from Helgumannen C-axes
rates of decline show a distinct asymptotic decline over time.

The reduction in percentage length remaining over time (Figure 10, based on ‘% remaining’
in Table 3) is clearly auto-correlated with overall reduction in axes length of the beach clasts
(Figure 9). However, a combined plot for all axes and profiles presented in Figure 11 illustrates
the general convergence of overall clast size over time. All mean A-axis lengths initially fall
within or close to cobble size (63–200 mm) and approximate toward or reach within medium
gravel (6.3–20 mm). In addition, clast breakdown rate is directly proportional to initial axis
length irrespective of A-, B- or C-axis. Langhammars has the coarsest beach deposits and a
profile with a time span over 2 kyr over which clast A-axis length reduces from 101 mm to
18 mm. The results well illustrate the overall efficacy of fracturing processes of limestone
beach clasts along all beach profiles.

Discussion

Clast breakdown trends

All sites show consistent and statistically significant logarithmic breakdown curves over the esti-
mated exposure time since deposition. The high R2 values for the trend lines appear to validate
the main assumptions related to the correlation between site elevation and age, using the current
model of post-glacial land rise (Påsse and Daniels 2015). This implies consistent rates of sediment
deposition on an even coastline slope, noting the deviating steepening back slopes at Langhammars
and Helgumannen. However, despite the high R2 values within-profile variability of mean clast size
and derived measures remains. This is interpreted as inevitable variability in size and composition of
deposited materials along the beach profile. Similarly, beach ridge morphology and coastal slope
show some variability that affect age estimations.

Understanding clast size variability

Mean clast sizes deposited in the active swash zone (see Figure 8 and Table 3) vary considerably
between the five profiles. Topographic position appears unrelated to clast size as Langhammars and
Helgumannen with the largest clast sizes are both positioned in embayments, while Norsholmen
and Ryssnäs with the same means have an exposed embayment and headland topography. Stora
Gattet with the lowest mean is positioned in a narrow strait. The latter may point at the role of
wave energy in determining clast size distribution between the sites, although no correlation
between topographic position and swash height is found. In contrast, clast size means at the
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Figure 10. (a–c) Remaining clast axis length calculated as a percentage of the corresponding value of the lowest elevation (most recent) relict deposit of the beach profile. (d) Linear regression between
percentage axis length remaining and total elapsed exposure time (age) in kyr for four beach profiles (Ryssnäs excluded). See also Table 3 and text for further details.
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upper swash boundary are positively correlated with swash height at the five profiles (R2 = 0.84; p <
0.01). Wave energy at the island-scale is more related to factors such as orientation to dominant
wind directions, fetch distance and coastal bathymetry. Indirectly, the data point at little influence
of littoral transport on deposited clast size between the five profiles at the island-scale and support
the notion of locally produced beach materials from rock platforms with redistribution in local
embayments.

The role of lithology on deposited clast size remains inconclusive as the general bedrock classifi-
cations from the geological map are not sufficient to determine the local clast compositions along the
profiles. The observations presented in Figure 4 give some indication of lithologies present, but only
of those showing active fracturing. Clast size change over time as indicated by the trend lines in
Figure 8a–c suggests location-specific attributes to be important in long-term fracturing rates. Orig-
inally deposited clast size is certainly the main factor (Figures 9 and 11; Table 4), but the role of litho-
logical properties on clast size and long-term fracturing rates needs more systematic field
observations and cannot be answered by the presented data set.

Clast size, as determined by wave deposition and subsequent exposure time, rather than lithologi-
cal or environmental site properties, appears as the main factor determining long term fracturing
rates. No distinction in breakdown rates is found between the three-dimensional axes (Figure 11).
The strong inter-site linear correlations for the A- and B-axes in Figure 10d are particularly indica-
tive of the absence of site-specific conditions influencing overall weathering rates between the four
sites, with the notable apparent exception of Ryssnäs. The deviatingly low long-term fracturing rates
at Ryssnäs are however considered consistent with the above; the initial small mean clast size of
deposited material at Ryssnäs reduces initial clast fracturing rates, but results in a convergence of
dimensions over time that is consistent with the other four locations (Table 4, Figure 11). The
high frequency of present-day fracturing of Ryssnäs clasts, compared to other profiles, remains unex-
plained (Figure 4).

Figure 11. Plot of percentage remaining clast length versus absolute clast length (mm) for A-axes (solid black lines, round markers),
B-axes (grey dotted lines, triangle markers) and C-axes (grey striped lines, crossed markers). Marker colour identifies the beach
profile site: green – Norsholmen, black – Langhammars, orange – Helgumannen, red – Stora Gattet, blue – Ryssnäs. Clast size cat-
egories according to ISO 14688–1:2002.
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The Fårö frost action environment

Visual observation of the modes of clast fracture (Figure 6) suggest (i) frost weathering to be the
dominant process for clast fracturing and (ii) different lithologies to be affected by different frost
weathering mechanisms (Figures 6 and 7). Despite the low water absorption capacities all limestone
lithologies are demonstrated to break down over time periods of several hundreds to well over a
thousand-year period.

Analysis of themeteorological data fromFårösund andfield observations allow afirst description of
the Fårö frost environment as relevant to ground frost action. The Fårö coastal zone is affected by diur-
nal to short-term frost cycles with annual absoluteminimum temperatures down to ca.−10°C. Snow is
unlikely to be a major insulating factor and can rather be a source of meltwater supply and enhanced
rock moisture levels. The coarse gravel and cobble material is initially well-drained, but with age pore
spaces between particles decline and water retention and rock moisture supply increases. This is visu-
ally indicated by the ecotone of pioneering vegetation that ranges frombare beach ridges at the coast to
moss and grasses in the finest material on beach ridge crests and subsequent establishment of juniper
and pine where surface material has broken down to fine gravel further inland.

The visual observations of frost sorted clasts in broken-down beach material, their organization in
micro-patterned ground of 10–20 cm diameter (see also Svantesson 2008) and the limited depth of
fracturing in beach ridges to ca. 10 cm all corroborate the dominance of an active shallow ground
frost regime in winter over the past ca. 1000 years. This is also supported by the ecology of the
alvar landscape of the central Baltic Sea islands where soil frost disturbance by needle ice growth
and micro-patterned ground is well known (Krahulec et al. 1986; Svantesson 2008).

Mechanisms of clast fracturing by frost weathering

Despite the less than 2% (weight) water absorption capacity measured in the tested rock samples long
term fracturing rates are clearly demonstrated. Walder and Hallet (1986) in their appendix point out
the difficulty of relating porosity (volume) to water absorption capacity (weight) and the pore volu-
metric changes under repeated pore water freezing. The latter is essential to interconnect rock pores
and increase overall water migration potential. Lautridou and Ozouf (1982, p. 219), while consider-
ing rocks of <6% porosity non-frost susceptible, also report on ‘non-frost susceptible’ schist with 2–
3% porosity commencing macroscopic break down after 300–500 frost cycles.

Meteorological data estimate ca. 50 diurnal frost cycles and 20 freeze days annually along the Fårö
coast. Walder and Hallet (1985, 1986) restrict effective freezing temperatures between −5°C and
−15°C, which may not easily be reached under diurnal freezing. Even so, at the time scales of
tens to hundreds of years at which beach clasts are exposed to cold season ground frost conditions,
it is expected that substantial pore volumetric expansion and interconnectedness develops and can
easily be tested in future field studies. Dissolution and carbonation are likely to also enhance pore
size, overall pore volume and pore interconnectedness and thus act as additional potential factors
in facilitating frost cracking over time, but cannot be substantiated here.

Given the dominance of diurnal to short-term frost cycles on the beach clasts the discussion on
frost weathering mechanisms deviates from the recent focus on bedrock fracture in porous bedrock
(Murton et al. 2006; Matsuoka and Murton 2008; Dewez et al. 2015). Increased interconnected pore
volumes favour the development of segregation ice induced stress even under partially-saturated
conditions (Murton et al. 2006). In clasts this results in surface-parallel growth of ice lenses and
flaking as a mode of break down, such as observed at Ryssnäs (Figure 6b,c,f). In addition, surface
clasts are likely to be subject to omnidirectional freezing. Under higher than 91% saturation levels
this leads to approximation of closed system conditions under which 9% volumetric expansion
can lead to hydrofracture and rock bursting, such as depicted in Figure 5e. Rapid freezing of satu-
rated rock near the surface may also lead to granular disaggregation by micro-scale frost wedging
effects (Matsuoka and Murton 2008) such as depicted in Figure 6d. It is of course impossible to
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conclusively attribute the observed modes of clast break down in the field (Figure 6) to various
known frost weathering mechanisms. The different modalities found do however indicate that differ-
ent mechanisms operate on different limestone types. In terms of efficacy of the various mechanisms
these appear insufficiently differentiated to result in observable variations in clast break down rates at
the measured time scales.

Conclusions

The known post-glacial shore line displacements at Fårö allowed for the reliable quantification of
long-term limestone clast breakdown trends along five beach profiles. Weathering rates measured
by clast dimension change were quantified over periods ranging between 640 and 2090 years.
While the deposited beach materials at each profile have varying lithostratigraphic compositions
and low water absorption capacities of less than 2% by weight, these attributes appear to have no
direct influence on their long-term comminution rates.

Mean clast size of initially deposited beach materials in the upper swash zone is suggested to be
primarily a function of local wave energy as indicated by the current swash zone height, and thus
indirectly by coastline orientation, fetch distance, dominant wind direction and coastal bathyme-
try. Island-scale factors such as lithology, littoral transport and coastal topographic configuration
cannot be related to deposited clast size. These indicators also point to a local sourcing and redis-
tribution of beach materials from rock platforms. Clearly, further data is required to test these
hypotheses.

Field observations, climate data and literature point to the beach materials in the upper 10–20 cm
being fractured under an active diurnal to short-term frost environment that has persisted over the
past 1000–2000 years. Pore water freezing by 9% volumetric expansion and the development of pore
water expulsion and hydrofracture is suggested to increase pore volume and pore interconnectedness
over time and facilitate segregation ice growth. Observed modes of clast fracture (bursting, flaking
and granular disaggregation) suggest different frost weathering mechanisms to operate on different
limestone lithologies. Long term rates of break down appear however not differentiated by limestone
composition.
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