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ABSTRACT
The progressive weakening of alpine rockwalls through subcritical cracking, driven by repeated low-magnitude stress processes, 
plays a key role in alpine rock weathering. Laboratory studies using acoustic emission (AE) monitoring have shown that thermal 
stresses from freeze–thaw cycling induce crack propagation, with recent work highlighting the influence of rock moisture sat-
uration. However, the role of moisture availability and movement within the outer rockwall remains poorly constrained. To ad-
dress this gap, we conducted laboratory experiments on 40 × 20 × 20 cm samples of Wetterstein limestone (Northern Calcareous 
Alps), using AE sensors to track subcritical cracking during repeated diurnal and 72-h freeze–thaw cycles between 7°C and 
−8°C. Initial rock moisture saturation was varied across runs, and moisture redistribution was monitored via electrical re-
sistance measurements. Our results show that while higher saturation generally enhances rock weathering, maximum crack 
intensity occurs at 70%–75% saturation, challenging the assumption that > 91% saturation represents optimal conditions. Among 
moisture-driven processes, volumetric expansion produced the highest weathering intensities (but for a shorter period of time), 
whereas ice segregation generated greater cumulative subcritical cracking due to the longer duration. Based on these findings 
and evidence of ice segregation, we propose a refined frost cracking window of −4°C to −9°C for Wetterstein limestone. These 
insights advance our understanding of the coupled role of rock moisture and temperature in alpine rockwall preconditioning for 
rockfall, though further work is needed to assess the impact of wet-dry weathering during freeze–thaw cycles and the role of 
increased surface moisture availability.

1   |   Introduction

In alpine rockwalls, erosion caused by rockfall is a key part of 
the geomorphic landscape evolution [1] and a natural hazard to 
people and infrastructure in the mountains [2]. While rockfall 
is the end result of critical cracking, the preconditioning and 
weakening of the overall rockwall by repeated low-magnitude 
processes creating stresses below the critical pressure, so-called 
subcritical or microcracking [3, 4], are key agents of mechani-
cal rockwall weakening. Eppes [5] hypothesise that subcritical 
crack tip propagation is down to stress intensity and crack tip 

chemical reactions, with environmental conditions such as tem-
perature and moisture availability controlling the cracking rates 
independently of overall stress loading magnitude.

Many studies have shown different weathering process de-
pendence on temperature stresses [6–9], but increasingly rock 
moisture is seen to be a critical weathering agent [2, 10–14]. 
This is because dynamic temperature regimes not only cause 
thermal stresses [15] but also lead to rock moisture migration/
movement [16]. This movement alone can cause buildup of 
hydrostatic pressures in crack tips [17, 18]. Wetting/drying is 
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also another important rockwall stressor by respectively caus-
ing swelling and shrinking of the rock [19] and synergistically 
creating thermal stresses in the drying process [11]. In alpine 
rockwalls, frost cracking is considered the main driving stress 
mechanism of rockwall breakdown in the alps [20–22], caus-
ing both subcritical and critical cracking [23]. Frost crack-
ing weathering processes include both volumetric expansion 
(VE) and ice segregation (IS) [24], which have been shown to 
produce ice pressures of up to 207 and 30 MPa respectively 
[22, 25], exceeding the tensile strength of most rocks [26], 
including Wetterstein limestone [15], granite [26] and gneiss 
[27]. The stress from VE is caused by a 9% increase in vol-
ume of in situ pore water when it freezes during rapid freez-
ing cycles [28], and if rock moisture expelled by the rapid ice 
formation cannot find another pore to escape to due to poor 
interconnection, hydraulic pressures can increase in the sur-
rounding porosity [17]. Walder and Hallet [29] find that VE 
favours rock moisture saturation > 91%, and Matsuoka [28] 
suggests a value around 80%, dependent on lithology. This 
rock moisture saturation is rarely found in natural rockwalls 
[30] and as Jia et al. [31] found, nonuniformly sized pore struc-
ture can lead to crack propagation if only a portion of the pore 
space is saturated.

IS meanwhile favours more sustained freezing periods when 
unfrozen rock moisture migrates towards the frozen fringe by 
induced temperature gradients or cryosuction [32]. This mois-
ture movement in the frozen rock pores is facilitated by the fact 
that a thin water film, < 9 nm, remains between the pore walls 
and ice crystals [33–35]. Stresses from IS are built up by contin-
ued expansion of the ice lens and crystallisation pressures [36] 
and a buildup of hydrostatic pressures at the frozen fringe [37] 
caused by the thermodynamic potential gradient–driven mois-
ture movement [32]. Consequently, for frost weathering, rock 
moisture presence and availability are prerequisite [38] and un-
derstanding moisture movement during these temperature cy-
cles is critical.

Mechanical weathering processes and associated subcritical 
crack propagation or microcracking [5] have been examined by 
several studies using acoustic emission (AE) sensors [7]. The 
rapid release of energy caused by crack nucleation creates tran-
sient elastic waves or AEs [39]. The resulting surface movement 
caused by these waves can be detected by AE sensors, with high 
sensitivity in the low ultrasonic frequency range [40], amplified 
and converted into discrete electrical signals [41]. The location 
of the origin of these AEs can be determined based on material 
dependent wave velocity and arrival times between different 
sensors [40]. Freezing experiments with stable boundary con-
ditions were investigated using AEs as a weathering proxy in 
several studies [10, 25, 27] and in more natural dynamic thermal 
boundary conditions by Maji and Murton [40] and Mayer et al. 
[42]. While these studies acknowledge the importance of rock 
moisture in different lithologies, the distribution and movement 
at depth of it during freeze–thaw cycles are not measured. In re-
sponse to this, an earlier study by Mitchell and Sass [11] focused 
specifically on the effects of varying rock moisture to physical 
rock weathering. The study found that there were marked dif-
ferences in when subcritical cracking occurred and the intensity 
with which it occurred in various climatic weathering conditions 
in relation to moisture content. The greatest weathering effect 

and most pronounced overall difference related to moisture sat-
uration was seen in freeze–thaw cycles. In this case, the higher 
saturated samples showed a much greater weathering potential. 
It was also hypothesised that the availability of rock moisture 
is at least as important as the initial rock moisture in that area, 
a suggestion also made by Mayer et al. [10]. Building on these 
earlier investigations, the main objectives of our freeze–thaw 
weathering laboratory study are to determine:

1.	 does increased rock moisture saturation lead to increased 
rock weathering efficacy and what is the role of rock mois-
ture availability in freeze–thaw cycles?

2.	 how do different rock moisture movement processes affect 
the efficacy of subcritical cracking?

3.	 what is the effect of freeze–thaw cycle length on different 
rock moisture conditions?

4.	 can the findings from Points 1–3 be transferred to natural 
rockwalls and how does this advance our understanding of 
frost weathering in Arctic and Alpine regions?

2   |   Materials and Methods

2.1   |   Samples

As the field sites in the ClimRock project are located in the 
Northern Calcereous Alps near the German-Austrian border, a 
block of Wetterstein Limestone typical of the area was used for 
the laboratory experiments. This was extracted from Hafnach 
quarry by Flintsbach, Bavaria, and samples were sawn from this 
same block to ensure similar stress history. Upon arrival at the 
University of Bayreuth, the samples were stored in a room with 
an average temperature of 18.93°C ± 0.59°C and average humid-
ity of 75.51% ± 6.02%.

For this series of experiments, two rock samples of 20 cm × ​
20 cm × 40 cm were used. This sample size was chosen to simu-
late the outer 40 cm of rockwall, which shows highest rock mois-
ture fluctuation [2], and be inside weight and size restrictions for 
our climate chamber (Kambic KK-340 CHLT). For each exper-
iment, the block's starting moisture content was controlled by 
weight. Oven-drying at 60°C until weight change stops was used 
to determine 0% saturation sample weight. This temperature 
was used to remove the free water in the sample while not caus-
ing excessive thermal stress. Gradual submersion in deionised 
water was used to saturate samples. When no further weight 
change was observed, the sample was considered saturated. The 
pre-experiment rock sample effective porosity range was 0.76% 
to 0.61% (seen in Figure 1a). Figure 1b shows electrical conduc-
tance at depth for fully saturated samples at 20°C. The variation 
seen implies greater effective porosity at depth in sample RS1 
compared with RS2.

2.2   |   Experiment Procedure

Our experimental setup was a continuation from earlier work by 
Mayer et al. [10] and Mitchell and Sass [11]. While Mayer et al. [10] 
focused on the effect of temperature on frost cracking efficacy in 
single long freezing cycles and Mitchell and Sass [11] looked at 
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the effect of total rock moisture on different weathering regimes 
in Wetterstein limestone, now, the emphasis is on how different 
moisture movement processes affect weathering in a series of di-
urnal and multiday freeze–thaw temperature cycles (Figure 2a). 
Average starting moisture saturation (%) of the rock sample at the 
start of the experiment was used to name the four experiment 
runs: exp.75, exp.70, exp.60 and exp.50. The samples used for each 
saturation and their effective porosity can be seen in Figure 1a.

The rock samples had a submillimetre layer of epoxy resin ap-
plied to the sides of the sample. This was to prevent lateral rock 
moisture infiltration, while still maintaining permeability from 
the surface and base. For each experiment run, the samples were 
saturated by immersion to the desired weight. The base was 

then sealed with clingfilm to create an impermeable barrier so 
that moisture was not lost from the base of the sample during the 
cycles. The samples were placed in a climate chamber (Kambič 
KK-340 CHLT, < ± 0.3°C) with the top exposed to the air and the 
sides and base surrounded with a minimum of 6 cm XPS foam 
insulation (Figure  2b). Each sample was cooled towards the 
starting cycle temperature of 7°C for 24 h. For six ca. 24-h cycles 
(1400 min) and then two longer ca. 72 h (4280 min) cycles, the air 
temperature cycled between 7°C and −8°C at a gradient of 3°C 
per hour, reflecting potential ranges of freeze–thaw cycles seen 
in the Northern Alps. The rock temperature was monitored at 
1 min resolution using Greisinger Pt 1000 temperature sensors 
(0.03°C accuracy) at 4, 15, 25 and 36 cm depth (laterally in the 
sample centre). To monitor rock moisture, nine electrode pairs 

FIGURE 1    |    (a) Effective porosities of samples before and after different experiment runs. (b) Sample porosity distribution based on electrical 
conductance.

FIGURE 2    |    Experiment setup including (a) air temperature cycles over the course of an experiment (grey line), rock temperature at 0 cm (solid 
black) 40 cm (dotted black) from sample surface. 0°C temperature is highlighted by the dashed line. (b) 2D schematic of experiment setup with in-
strument locations.
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were inserted at 4 to 36 cm from surface with even spacing. The 
individual electrode pairs had a 4-cm spacing and consisted of 
6 mm brass expansion plugs with stainless steel bolts inserted 
to 1 mm below the rock surface. The Resistance Logger was 
produced internally at University of Bayreuth and can register 
a maximum resistance of 2,048,000 Ohm in 15.625 Ohm steps 
at 1 μA with a gain error of 0.05%–0.35% and recorded data at 
1-min intervals.

To monitor fracture propagation, we installed three Physical 
Acoustics PK61 AE sensors with a 35–65-kHz frequency range 
at the side of the sample using a thin layer of acryl at 4, 15 and 
25 cm from the sample surface. AE signals were recorded using 
a μSHM node from Physical Acoustics with near constant sam-
pling (10 K/s). We had initially hoped to use a fourth AE sensor 
at 36 cm from the surface, but unfortunately, it broke during the 
experiments due to moisture damage.

2.3   |   Electrical Conductance

In porous solids, such as Wetterstein limestone, electrical con-
ductance (or resistance) is largely dependent on the rock's mois-
ture content [43]. Consequently, it can be used to estimate rock 
moisture saturation and its variation over time. Conductance is 
also dependent on temperature and the presence of soluble salts 
such as NaCl or CaS04 [13]. The latter can affect results by fac-
tors of > 10 [44]; fortunately, however, the Wetterstein limestone 
used in this study is largely free of soluble salts, and so this is 
less of an issue.

While electrical resistance is recorded by our sensors, the rela-
tion of conductance is more intuitive to moisture content in rock 
[45], and so converted using the below relation:

where G is conductance in siemens (S) and R is resistance in 
ohm (Ω).

2.3.1   |   Temperature Correction

To model temperature (T) at a specific depth (n) and time (t), 
we used the below equation (after [10]), where the temperature 
measured by the temperature gauge is TL and the gradient be-
tween the two given sensors is TG.

From this modelled temperature data, we then calibrated for the 
temperature dependency of resistance measurements. To create 
a Wetterstein limestone–specific temperature correction, five 
10 cm3 samples, from the same block as our experiment samples, 
were saturated by immersion and brought to 20°C and 5°C in a 
climate chamber and resistance readings recorded. The linear 
correlation between these two temperatures showed that to ad-
just the conductance relative to 20°C (G), a correction using the 
below equation is required:

where Graw is the measured conductance, T is the modelled 
temperature at that depth and 6.2e−08 is the correction factor. 
This linear correction is applied to the full temperature range of 
the experiment.

2.4   |   Saturation Model

To create a Wetterstein limestone–specific electrical conduc-
tance to VWC (%) model, five 10 cm3 samples, from the same 
block as our experiment samples, were saturated by immersion 
from 100% to 30% in steps of 10% and the volumetric water con-
tent calculated by weight change. For each saturation step, the 
samples were wrapped in clingfilm to maintain moisture con-
tent and placed in a climate chamber at 20°C. Once the centre of 
the sample had reached, the target temperature electrical con-
ductance was recorded for 1 h with a pair of electrodes at 4 cm 
spacing. The resulting dataset and logarithmic model shown is 
in Figure 3.

G = 1∕R

T(n, t) = TL(t) + n ⋅ TG(t), 0 ≤ n ≤ 40cm

G = Graw + (20 − T) ⋅ 6. 2e − 08

FIGURE 3    |    Logarithmic model with 95% prediction interval for VWC (%) versus conductance (S) for Wetterstein Limestone.
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After each experiment, the two 16,000 cm3 rock samples were 
fully saturated by immersion and electrical conductance data 
for each depth interval collected. The values from this are 
then used to adjust the estimated volumetric moisture con-
tent VWC (%) data from the experiments to relative pore sat-
uration (%) as spatial heterogeneity of porosity in the samples 
(Figure 1b) means comparison by VWC could potentially be 
misleading.

2.5   |   Moisture Movement Process Periodisation

A periodisation of the moisture data was created to identify dis-
tinct moisture movement processes over time. To achieve this, 
the moisture saturation data for each depth was smoothed using 
a centred moving average with a 100-min window. Local trends 
in moisture dynamics were quantified by applying a rolling lin-
ear regression over an 80-min window. Trend classification was 
then applied to the resulting slope values, identifying periods 
of increasing (> threshold), decreasing (< −threshold) or stable 
(≤ threshold) moisture dynamics. Changepoints in these trend 
patterns were detected using the PELT (pruned exact linear 
time) method [46], with a fixed penalty value of 0.005 to control 
detection sensitivity.

To further define different moisture movement processes, the 
rock moisture phase was defined. The formation of frozen, solid 
phase rock moisture was defined by either a sudden drop in rock 
moisture (as seen in soil freezing characteristic curve (SFCC), 
[47]) and, when present, latent heat isotherms. The resulting 
temperature ranges can be seen in Figure S1. In the case of spon-
taneous freezing of rock moisture that is supercooled, there is a 
marked moisture drop due to the rapid phase change and gen-
erally is accompanied by a latent heat fusion spike, the size of 
which is related to the degree of supercooling [48]. Meanwhile, 
more gradual freezing events are often not easily discernible 
in the moisture data and better defined by temperature data. 
The freezing points identified by some of the moisture data can 
be seen to be above 0°C. This is probably for several reasons. 
Firstly, the temperature sensors themselves were not at the exact 

location of the electrode pairs and so the 1D temperature data 
model may not be completely accurate for that point. Secondly, 
the temperature sensors are affected by both the rock and rock 
moisture temperature. It is possible that the rock moisture in the 
fractures was in fact already below freezing, due to nonconduc-
tive heat transport caused by rock moisture movement [49] and 
so could begin to freeze despite the surrounding rock tempera-
ture being above 0°C. Over experimental time, freezing points 
showed a decrease in temperature, probably due to the effects of 
dissolution on rock moisture chemistry [50]. The rock moisture 
was defined as in a thawed liquid phase when the temperature 
at that depth rose above 0°C again.

The results from one exemplary periodised freeze–thaw cycle 
incorporating the frozen/unfrozen rock moisture state and 
moisture movement trend are shown in Figure  4a,b and de-
fined below:

Thawed: rock moisture in the unfrozen state. Capillary 
rise is defined by moisture increasing towards the surface 
of the sample. Gravitational moisture movement is defined 
by moisture increases towards the base of the sample.

Freezing: rock moisture > 4 cm depth from surface is in 
unfrozen state, but surface rock temperatures are ≤ 0°C. 
Moisture movement seen towards the surface, governed by 
cryosuction (cryo to surface, Figure 4b).

Frozen: rock moisture in frozen state. Frozen decrease 
(grey, Figure  4b) is defined by the slow decrease in rock 
moisture as the remaining liquid phase water gradually 
freezes in turn creating pressure at fracture tips through 
VE. There is also a frozen increase (dark blue) of rock mois-
ture from the base seen in this period. This is interpreted 
as being evidence of IS.

Thawing: when the air temperatures increase and begin to 
thaw the rock surface (> 0 °C) and progressively at greater 
depth in the sample. The dominant moisture movement 
process in this time is cryosuction towards the base or fro-
zen zone (cryo to base, Figure 4b).

FIGURE 4    |    Periodisation of temperature and moisture cycle. Data displayed from an exemplary diurnal cycle in exp.75+. (a) Temperature cycle 
with air and rock temperature, periods with frozen rock moisture (grey). (b) Average rock moisture for different depth intervals in samples, with 
different moisture movement processes. The point of spontaneous freezing in this example is marked by the red arrow.
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During any period, there can be times of equilibrium (white, 
Figure 4b) where the rock moisture levels stay apparently con-
stant at a given depth but could also be the result of even dis-
placement and replacement of rock moisture.

2.6   |   Acoustic Emissions

2.6.1   |   Filtering

The recorded AE hit data were analysed with AEwin for the 
Micro-SHM V1.50 software from MISTRAS Group Inc. The 
data were filtered with peak and average frequency range of 
< 10 and > 120 kHz being rejected due to the resonate frequency 
(60 Hz) of the AE sensors. To further filter for background noise, 
AE signals with absolute energy < 5 aJ were rejected [11].

2.6.2   |   Location Procedure

For locating the AE signal distance from sample surface, a lin-
ear location mode in the Micro-SHM software was used. This 
needs at least two AE hits to create an AE event. This method 
counts the delay in arrival time between the two AE hits and 
calculates the source location by linear interpolation between 
the two AE sensors to give a depth from surface [51]. Due to 
location uncertainties caused by the heterogeneity of the rock 

samples, largely fracture-based porosity [52], the data were 
then subsequently zoned into AE events occurring between 
0 cm < 10 cm, 10 cm < 20 cm and 20 cm < 30 cm from sample sur-
face. During the experiment, hourly average signal time (AST) 
pulses between the acoustic sensors checked for changing wave 
speed between the sensors. Based on this, wave velocity was set 
individually for each sample and experiment run. Furthermore, 
due to the significant change seen in velocity as a result of rock 
moisture phase change, different velocities were used during 
frozen and unfrozen periods (S7).

3   |   Results

3.1   |   Rock Moisture Movement

3.1.1   |   Moisture Saturation Over Cycles

Across the whole experiment, all runs showed an increase 
in overall rock moisture (see Figure 5). This is thought to be 
because during experiment preparation and 24 h cooling time 
for the samples, a gravitational effect meant that previously 
evenly distributed rock moisture concentrated at the base of 
the samples (evident in starting saturation distribution of all 
samples in Figure 5) and pooled at the clingfilm sealed base. 
As our rock samples are low porosity (ca. 0.7%), only a small 
amount is needed to be a considerable water source for the 

FIGURE 5    |    Initial and final rock moisture saturation (%) at depth in each experiment run (a) exp.75+, (b) exp.70, (c) exp.60 and (d) exp.50. 
Percentage rock moisture change from starting saturation after each F/T temperature cycle.
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experiment. The rock moisture increase seen is in the range 
3.0% to 15.0%, with sample exp.75+ run having the greatest 
increase. The exp.75+ sample also shows moisture saturations 
of over 100% near the base. This is probably due to the extra 
pressure from freeze–thaw processes causing increased satu-
ration in pores not accessible by the original sample saturation 
method of immersion (which the saturation calibration was 
based on).

Throughout the cycles, the rock moisture increase does not 
occur evenly across the experiment. In the first shorter 1400 min 
freeze–thaw cycle, all experiment runs apart from exp.60 see an 
overall moisture increase of ca. 2% to 4%. In the remaining five 
shorter freeze–thaw cycles, all experiment runs see an increase 
in rock moisture of ca. 0.5% to 1.5% per cycle. However, during 
the longer cycles, only the exp.75+ run maintains a similar rate 
of increase. This is suggested to be evidence of more external 
rock moisture being available at the base of the sample than in 
the other experiment runs.

3.1.2   |   Moisture Movement Processes

The results of periodised moisture movement processes are 
shown below:

3.1.2.1   |   Thawed.  Evidence of capillary rise can be seen 
in all experiment runs in Figure 6a with a notable increase in 
rock moisture towards the surface. The capillary rise effect 
is enhanced when there is a temperature gradient in the rock 
causing a capillary pull to the cooler surface area due to 
the creation of a vapor pressure gradient and increased fur-
ther by the presence of ice [53]. All experiments show a simi-
lar change.

3.1.2.2   |   Freezing.  In Figure 6b, exp.75+ and exp.70 show 
a similar rock moisture increase at surface with the exp.75+ 
showing the greatest increase of the two experiments. The 
exp.60 and exp.50 show more total moisture increase and to a 
greater depth; however, in these experiments, spent more time 
in an unfrozen state (Figure  7), so consequently longer with 
conditions allowing cryosuction to surface in the freeze–thaw 
cycles. During this time, the rock moisture can be seen to reach 
supercooled temperatures in most cycles (not shown) before 
the onset of spontaneous freezing (an example of this shown by 
the red triangle in Figure 4).

3.1.2.3   |   Frozen.  The period after this is defined by a slow 
decrease in rock moisture as the remaining liquid phase water 
gradually freezes (frozen decrease in Figure  4). As would 
be expected, this is most pronounced in the exp.75+ experi-
ment (Figure 6c) due to more rock moisture being available to 
change state. After this period of decreasing liquid rock mois-
ture, we start to see an increase in rock moisture from the base 
of the samples while there is still frozen rock moisture pres-
ent (frozen increase in Figure 4b). This increase of rock mois-
ture from the base is interpreted as being due to cryosuction 
of remaining rock moisture trapped at the base of the sam-
ples, consequently promoting IS and associated crystallisation 
pressures [54]. The greatest increase is unsurprisingly seen 
in exp.75+ (Figure  6d), which had the greatest availability 

FIGURE 6    |    Total rock moisture saturation change at depth from 
surface over different moisture movement periods assigned in Figure 4. 
exp.50 orange, exp. 60 yellow, exp. 70 turquoise and exp. 75 blue (in sup-
porting information S2–S6, bar plots are stacked showing diurnal (blue) 
and ca.72 h (orange) cycles total moisture change at depth from surface).
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361Permafrost and Periglacial Processes, 2026

of moisture at the base. exp.50 shows little to no decrease 
or increase in apparent rock moisture during the frozen phase. 
This is probably a combination of being lower in rock moisture 
saturation and being on the edge of the instrument's detec-
tion range.

3.1.2.4   |   Thawing.  When the air temperatures increase 
and begin to thaw the rock surface (> 0 °C), instead of seeing 
an initial increase in rock moisture, we actually see a decrease 
at surface (not shown) due to the newly available rock moisture 
being pulled by cryosuction towards the progressively retreat-
ing frozen front. After a while, the frozen zone of the rock can 
no longer accommodate more rock moisture and an increase at 

depth seen in Figure 6e is related to the phase change back to 
higher conductivity liquid state rock moisture.

The sample with lowest overall saturation (exp.50) shows a very 
limited increase during Cryo to base movement. This is proba-
bly due to it having the biggest moisture data gaps from being on 
the edge of the instrument's detection range at these tempera-
ture and moisture conditions.

Through all phases of the freezing cycle, Figures  S2 to S6 
show that the shorter diurnal cycles cause greater moisture 
movement than the longer ca. 72-h cycles, over a similar total 
time period.

FIGURE 7    |    Cumulative AE Event count for experiment runs exp.75+ (a), exp.70 (b), exp.60 (c) and exp.50 (d). Solid line 0–10 cm depth from sur-
face, dashed line 10–20 cm depth and dotted line 20–30 cm depth. Tables show the totals for cycles over the 6 ca. diurnal F/T cycles (8400 min) and fol-
lowing ca. 72-h F/T cycles. Grey shaded areas show the time periods when there is rock moisture present in a frozen state through the entire sample.
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362 Permafrost and Periglacial Processes, 2026

3.2   |   Rock Weathering

3.2.1   |   AE Events Over Time

The amount of rock moisture in the samples is also seen to 
affect the duration of the frozen phase rock moisture. To de-
termine when rock moisture is frozen, first, a rapid decrease 
relative to the initial rock moisture content was identified. The 
equivalent depth is considered thawed when temperatures 
over 0°C are reached. The results of this periodisation can be 
seen in the grey shaded areas of Figure  7, with experiment 
runs with greater starting rock moisture (exp.75+ and exp.70; 
Figure  7a,b, respectively) showing evidence of frozen rock 
moisture from the first and second freeze–thaw cycles respec-
tively. Meanwhile, rock moisture in the lower saturation exp.60 
(Figure 7c) only freezes by Cycle 5 and in exp.50 (Figure 7d) 
only by the longer freeze–thaw Cycles 7 and 8. This difference 
in time in the frozen state affects which rock moisture move-
ment processes are prevalent in the samples. The decrease in 
rock moisture caused by phase change to ice combined with 
the low conductivity of the Wetterstein limestone samples and 
decreasing temperatures meant that there are unfortunately 
some rock moisture data gaps where the conductivity conse-
quently became too low for our instrument. In the lower start-
ing saturation experiment, the rock moisture was most likely 
present in the smaller pore spaces in the rock, as the larger 
more permeable areas of the porosity would be the first to dry 
when getting the sample to starting weight. In smaller pores, 
the rock moisture has a depressed freezing point and so needs 
more time at lower temperatures in order to freeze.

The results show most AE events overall with the highest satu-
ration experiment with 798, 557, 380 and 192 AE events in total 
for exp.75+, exp.60, exp.60 and exp.50 respectively. Over the six 
diurnal cycles, there are 1.7× to 2.3× as many AE events in the 
two more saturated samples (exp.70 and 75+ respectively) as in 
the two following 72-h cycles. However, the two lower saturated 
samples see very few AE events in the diurnal cycles, with a 
4.6× to 5× increased rate of AE events in the 72-h cycles. This 
shows the importance of rock moisture changing state and the 
related processes involved to rock weathering as these two sam-
ples are only in a frozen state in the later temperature cycles. In 
all experiment runs, the highest rate of AE events can clearly be 
associated with freezing events during the temperature cycles. 
Interestingly, the exp.60 and exp.75+ show the greatest count 
of AE events in the 72-h cycles. One reason for this could be the 
continued availability of water from the base of the sample (see 
Figure  5) for promoting IS unlike the other experiment runs, 
which show a decreased availability of rock moisture from the 
base of the sample during Cycles 7 and 8.

The totals of AE events in the different depth zones show differ-
ent distributions relative to the two different sample blocks used. 
This is probably due to differences in the pore space distribution 
within the samples derived from the saturated electrical conduc-
tance distribution seen in Figure 1b, showing higher values at 
the base of the sample, suggesting greater effective porosity and 
in turn more fractures to propagate during weathering cycles.

There is some effect of cyclicity seen during the temperature 
cycles, with each experiment having more prominent zones of 

maximal AE event rate, which are not matched again through 
the rest of the experiment (for example diurnal cycle 2 in 
exp.75+). This is probably due to the Kaiser effect [55] and the 
heterogeneous distribution of the porosity within the rock sam-
ples leading to areas of localised stress concentrations, thereby 
increasing the likelihood of seemingly random spikes in AE 
event activity.

3.2.2   |   AE Events by Rock Moisture

From the overall AE event count for each experiment run shown 
in Figure  7, higher overall rock moisture saturation relates to 
more overall AE events. When the average rock moisture from 
the different depth zones at the beginning of a freezing cycle and 
the subsequent AE events that occurred until reaching a thawed 
state is taken into account, as in Figure 8, it can be seen that 
rather than linearly increasing with increased rock moisture, 
there is in fact a peak AE intensity period in the range from 65% 
to 75% moisture saturation. This range of starting rock mois-
tures accounts for 62.1% of all recorded AE events. An initial av-
erage moisture saturation of < 55% and > 85% was not recorded 
in depth zones with AE sensors in our experiment; however, 
greater saturation was seen at the base of the sample at 30 to 
40 cm from the surface.

3.2.3   |   AE Events During Freezing Cycle Periods

By breaking the freezing process down into different periods 
of thawed, freezing, frozen and thawing, we see that by far the 
greatest amounts of AE events were recorded in the frozen pe-
riod of all experiments at 63% (Figure 9d), with increasing satu-
ration showing more total AE events. This trend is also evident 
in the freezing and thawing periods, but at 14% to 15% respec-
tively of the overall AE event count. In general, the opposite 
is true for the AE event count in the thawed periods with the 

FIGURE 8    |    AE events/hour for freezing cycles, categorised by rock 
moisture saturation at the start of a freezing cycle at different depth 
zones. These depth zones are pooled together and resulting rates for dif-
ferent experiment runs (exp.50 orange, exp.60 yellow, exp.70 turquoise, 
exp.75+ blue) and overall (black line and labels) are shown. n = the 
number of freezing cycles in the corresponding starting moisture range.
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363Permafrost and Periglacial Processes, 2026

lowest saturated exp.50 showing the highest AE event count, 
however on a much lower absolute level.

3.2.4   |   AE Events at Depth During Freezing 
Cycle Periods

In Figure 10a, the most AE events are seen by the frozen fringe at 
the surface of the sample. This is probably due to a combination of 
thermal stresses and increased hydrostatic pressure from cryosuc-
tion to the frozen front at the rock surface. In addition to this, there 
is probable frost wedging in the larger pore spaces at the surface.

During the frozen period, there are three to five times as many 
AE events at any depth. At the start of a cycle, when the rock 
moisture is steadily decreasing, due to rock moisture changing 
phase to ice, VE is the dominant factor. Figure 10b(i) shows 
that the greatest AE event count is in the 0–10-cm zone. This 
is probably due to it being in this period for longest and ex-
periencing greatest thermal stress. For the data in this study, 
IS is defined as periods where there is frozen rock moisture 
and either an increase in rock moisture recorded or an equilib-
rium. In addition, there are periods at the lowest temperatures 
and liquid rock moisture content where there is no moisture 
data. Due to these periods being in the frost cracking window 
(Fcw) of −3°C to −8°C [56], IS is assumed to be the dominant 
stressing process.

As the block thaws and more liquid water becomes available at 
the frozen fringe, a marked increase in AE events can be seen 
in this area (Figure 10c). Throughout the thawing period, but 
particularly from (iii) on (where more liquid rock moisture be-
comes available), the maximum AE event intensity with depth 

closely follows the retreating frozen fringe as the sample thaws. 
This shows that the area by the frozen fringe is a zone of high 
rock weathering, which is increased with increased rock mois-
ture availability.

3.2.5   |   Moisture Movement Processes and AE Events

3.2.5.1   |   Diurnal Cycles.  When comparing AE event 
intensity by rock moisture movement process time, VE shows 
the greatest cracking intensity, on average, as a process in 
diurnal cycles and also in longer 72 h cycles, though to a lesser 
degree (Figure  11a,c). The mean rate is notably skewed from 
the median in the diurnal cycles due to the particularly high AE 
rates seen in exp.75+ compared with the other experiment runs 
(see Figure 7). IS has the next highest AE event rate, followed by 
cryo to base during thawing.

3.2.5.2   |   72-h Cycles.  In the longer 72-h cycles, VE remains 
the process with greatest weathering intensity. However, IS 
shows greater significance over full cycle time with the mean 
AE rate more than doubled. This will be because crack propaga-
tion from VE happens in more sudden bursts while the pressure 
buildup from IS is more gradual.

The processes seen during the thawed periods (capillary rise, 
gravitational, equilibrium) all have slightly decreased weather-
ing significance in the 72-h cycles, likely because of less cyclic 
thermal stress than in the diurnal cycles.

3.2.5.3   |   Across All Cycles.  When considered over the total 
experiment time (Figure 11e), IS is seen to be of greatest impor-
tance to rock weathering in freeze–thaw cycles.

FIGURE 9    |    (a) Schematic diagram showing different periods of freezing cycle seen in the experiment (blue hatching = occurrence of frozen pore 
water); (b) AE event count for the different experiments when rock moisture is Thawed; (c) AE event count for the different experiments when rock 
moisture is Freezing; (d) AE event count for the different experiments when rock moisture is Frozen; (e) AE event count for the different experiments 
when rock moisture is thawing.
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364 Permafrost and Periglacial Processes, 2026

Cryosuction to the base during the thawing period is also very 
important to rock weathering, particularly with increased rock 
moisture availability (increasing the range of AE rates seen). 
Increased thermal stresses from more temperature cycles and 
repetition of the frozen/unfrozen interface traveling through the 
rock sample probably account for the increase in AE rate from 
0.2/h in the 72-h cycles to 0.3/h mean rate in the diurnal cycles. 
Capillary rise and cryosuction to surface both show similar AE 
rates over the total experiment time, with both showing more 
significance during diurnal cycles.

Overall, the relative rock weathering effect of different pro-
cesses over total experiment time, based on median AE event 
intensity is:

Ice Segregation > Volumetric Expansion > Thawing (Cryo to 
base) > Cryo to surf/Capillary rise > Gravitational > Equilibrium.

3.2.6   |   Ice Segregation Efficacy Temperature Range

By looking at the AE events rate per hour by temperature during 
IS, Figure 12 shows the process starts to cause crack propagation 
from −1°C, while the maximum rate can be seen from −4°C to 
−7°C. This would suggest a Fcw in this range for Wetterstein lime-
stone. A limitation of our experiment is that rock temperatures did 
not fall below −8°C or remain at that level for extended periods, 
so stronger weathering effects may occur at lower temperatures.

4   |   Discussion

4.1   |   Limitations of Study

There is an attenuation of AE signals over distance [57]. This 
means that many apparently lower amplitude, yet important AE 
signals may have been missed due to falling below the 30-dB 
threshold. The resulting characteristics of the detected signals 
may also give a false impression particularly when performing 
AFRA analysis to determine whether AE signals are from ten-
sile, shear or mixed-mode cracking. Furthermore, the import-
ant aspects of wetting and drying on physical rock weathering 
[58, 11] at the rock surface and the additional AEs produced 
by fracture propagation are probably largely undetected with 
this experimental setup. Future work ensuring an AE sensor is 
present directly on the sample ‘surface’ would ensure that this 
weathering effect is not missed.

Additionally, more sensors, probably a minimum of 8 in total, 
would be best to ensure that distance between sensors is reduced 
and that moment tensor analysis could be used to increase the 
accuracy of AE signal location and adjust the characteristics of 
the recorded waves based on distance and velocities of the mate-
rials. This would also have the benefit of being able to apply and 
compare the results of models developed by Maji and Murton 
[40] on rock weathering. Also, due to the heterogeneity of the 
porosity in Wetterstein limestone, it is suggested that μCT scan-
ning is used to better determine the pore structure [42, 59, 60] 

FIGURE 10    |    AE event count across all experiment runs at depth 10 (0–10 cm), 20 (10–20 cm) and 30 (20–30 cm), from sample surface. (a) Freezing 
period—when cryosuction to the surface is seen (Figure 4a). (b) Frozen period—(i) volumetric expansion (decreasing rock moisture during con-
tinued freezing—frozen decrease) (Figure 4b) and (ii) ice segregation. (c) Thawing period—with cryo to base (Figure 4c) moisture movement (i–v). 
Dashed lines show location of the frozen/unfrozen boundary, and arrows show direction of movement during that time window.
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365Permafrost and Periglacial Processes, 2026

and its effect on signal attenuation when locating fracture prop-
agation source.

In the moisture data, there are unfortunately some gaps at 
the coldest temperatures where the combination of electri-
cal conductivity's temperature dependence and low unfro-
zen rock moisture content means it is out of the instrument 
measurable range. This range could be tailored to the lower 
conductivity ranges of our rock samples with the addition 
of a different pre-resistor. The number of rock samples and 
temperature cycles are also a potential limiting factor in the 
study. As only two rock samples of low-porosity Wetterstein 
limestone were used in the study, it may be that the random-
ness of pore structure in the individual samples has impacted 
the experimental results, requiring further repetitions in 
future projects. In addition, there could be a precondition-
ing bias of the diurnal freeze–thaw cycles caused by the 
temperature cycle setup always starting with these ahead of 
the 72-h cycles [61], so the weathering effect of starting with 
longer temperature cycles should be conducted in future 
experiments.

Finally, our study focussed on one lithology type, Wetterstein 
limestone. While the results should be comparable in 
lithologies of similar tensile strength and fracture based, low 
effective porosities (< 5%), differences in grain size in gran-
ites [26], rock chemistry [62] and foliation in gneiss [63] could 
affect the weathering outcome. In an experimental study by 
Duca et al. [27] of an intact, low-porosity Arolla gneiss, greater 
frost cracking weathering occurred in warmer temperatures 
(−0.5°C to −2.7°C) than our Wetterstein limestone samples 
(−4°C to −9°C), suggesting a comparably higher weathering 
rate than seen in our study.

The behaviour of higher porosity (> 20%) sandstone rock-
walls meanwhile would undoubtedly be quite different, 
with vastly different porosity structure, permeability and 
tensile strength. A study by Maji and Murton [64] shows 
macrocracking occurring in chalks after eight freeze–thaw 
cycles and 16 cycles in sandstones, something which did 
not happen with our samples. This could be due to frost 

FIGURE 11    |    The AE event rate per hour by rock moisture move-
ment process across diurnal cycles (a) by process time (= intensity) and 
(b) by cycle time (= significance to cycle length). The longer 72 h cycles 
are shown in (c) by process time and (d) by total experiment time. All 
processes considered over total experiment time (= overall significance) 
are shown in (e).

FIGURE 12    |    Histogram of the AE events/hour by average tempera-
ture recorded in depth zones when AE events were recorded, during 
periods of ice segregation.
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366 Permafrost and Periglacial Processes, 2026

weathering already occurring at warmer temperatures in such 
rockwalls [28].

4.2   |   The Effect of Rock Moisture Saturation 
and Time on Rock Weathering

Our results suggest that higher overall rock moisture satura-
tion leads to greater AE event count (see Figure 7) and so an 
increase in rock weathering over the course of repeated freeze–
thaw cycles. However, when AEs are considered by unfro-
zen rock moisture saturation at depth (Figure 8), an apparent 
peak AE intensity is seen between 65% and 75%, with lower 
and higher saturation showing decreased evidence of fracture 
propagation. This would be in line with suggested lower satu-
ration thresholds for IS of 58%–65% [65, 66, 67], derived from 
studies on limestone, tuffs and chalk respectively. An earlier 
study by Mitchell and Sass [11] also found that Wetterstein 
limestone rock samples with 50% and 100% moisture satura-
tion had very similar overall AE counts, with the 50% run even 
having a slightly greater count, suggesting increased moisture 
saturation eventually becomes a limiting factor in physical rock 
weathering. This is probably due to the changing properties in 
rock strength and plasticity caused by increasing rock moisture 
[68]. Furthermore, while a higher starting saturation (> 91%) at 
the freezing point may cause greater initial crack propagation 
through VE [28, 69], it will also promote a rapid reduction in hy-
draulic conductivity within fracture-controlled porosity as ice 
formation constricts fracture apertures and limits flow to thin 
pre-melted films [70, 71]. This transition markedly decreases 
the rate of pore-water migration through the frozen zone [71], 
and because sustained moisture availability is a prerequisite for 
IS and segregation-driven crack propagation [67], elevated ini-
tial saturation may ultimately inhibit long-term fracture growth 
relative to the peak weathering saturation range of 70%–75% ob-
served in our experiments.

Rock weathering was also seen to be affected by the rock mois-
ture saturation and the duration of freeze–thaw cycles. Mayer 
et al. [42] observed that, over a given time period, a greater num-
ber of shorter freeze–thaw cycles cause more fracturing than 
fewer, longer cycles due to increased thermal stressing; however, 
this effect is found to be dependent on rock moisture saturation 
in our experiment. In the more saturated exp.75+ and exp.70, 
rock moisture became frozen in all diurnal and 72-h cycles. In 
the lower saturated experiments, however, rock moisture was 
only frozen in the later diurnal or even only in the 72-h cycles, 
due to a depressed freezing point compared with the more sat-
urated runs (S1). This leads to a decreased weathering effect as 
the higher efficacy processes associated with frozen rock mois-
ture do not occur. The reason for the depressed freezing period 
in lower saturation samples is that bulk water in larger inter-
connected pores evaporates preferentially to rock moisture in 
smaller pores [72]. This leaves a higher ratio of rock moisture 
in smaller, more disconnected pores in lower saturated areas, 
thus depressing the freezing point due to the Gibbs–Thompson 
effect [73] and decreasing the thermal conductivity relative to 
more saturated areas [74, 75]. The result also shows that, in our 
experiment, the weathering efficacy of thermal stress alone in 
freeze–thaw cycles is lower than that of a rockwall with suffi-
cient freezing time and moisture availability.

4.3   |   The Effect of Moisture Availability 
and Movement on Rock Weathering

While saturation is shown to affect rock weathering efficacy 
and timing [11], from the results of single long freezing cycles 
conducted by Mayer et al. [10] on Wetterstein limestone, it was 
shown that initial moisture saturation was less important than 
rock moisture availability. Therefore, during any rock moisture 
limited processes, the rock permeability determines the ulti-
mate availability of rock moisture from different areas of the 
rockwall [49].

Thermodynamic processes lead to rock moisture movement 
through capillary pull forces: capillary rise, gravitational, 
wetting and drying, which have all been shown to affect rock 
weathering [11, 76]. When pore water freezes, the short-lived 
pressures from VE [77] are affected by saturation and pore ge-
ometry [78]. The increased efficacy seen in this study during 
periods of IS (Figure 12) requires the availability of more rock 
moisture drawn to the ice lens by cryosuction (Murton et al. [67]; 
Walder and Hallet [69]). A low permeability would limit this 
process [79, 80] and so the potential overall weathering effect 
of a freeze–thaw cycle, even in the case of higher initial rock 
moisture saturation.

Evidence from our results for the increased effect of water avail-
ability on rock weathering can particularly be seen in the longer 
72-h cycles of exp.70, exp.60 and exp.50. In all cases, a decrease 
in rock moisture relative to the start of a freeze–thaw cycle (see 
Figure 5) shows a decrease in AE count relative to cycles with 
more moisture availability (see Figure  7). Further evidence of 
the importance of moisture availability is seen during the top-
down thawing of the experiments. As the frozen fringe retreats, 
the AE intensity becomes greater with increased depth from 
the surface due to increased moisture availability for IS. This 
confirms the results of other research [12] showing that in loca-
tions with permafrost, the frozen fringe is likely to be the area of 
greatest fracture propagation.

4.4   |   Frost Cracking Window Temperature 
Dependence

As IS was confirmed as the process of greatest rock weathering 
efficacy in freeze–thaw and sustained freezing cycles, the Fcw 
[56] is useful to define for analysing field data. Walder and Hallet 
[69] suggest frost cracking occurs in a range of −4°C to −15°C 
and varies with rock strength [81], with some studies showing 
frost cracking still occurring in temperature ranges up to −1°C 
[82], thus making the application of a general Fcw across differ-
ent lithologies unreliable [10].

Our results confirm that in Wetterstein limestone, the IS ap-
pears to begin from as soon as −1°C (in line with field studies 
by [82]) with sharply increased efficacy by a factor of 10 from 
−4°C until −7°C (Figure 12). This would suggest a Fcw of −4°C 
to −7°C. However, due to the limited temperature window of 
our experiment going down to a minimum temperature of −8°C 
in the near surface, we cannot confirm the suggestion of Mayer 
et  al. [10] that the greatest efficacy in frost cracking is seen 
from −7°C to −9°C in the same lithology. A limitation of their 
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study is that the lowest temperatures were reached in a rapid, 
continuous drop from ca. 10°C to −10°C followed by a gradual, 
stepped thawing, which could bias microcracking to colder tem-
peratures. An interesting continuation to this study would be to 
see if maximum weathering efficacy is still seen at these lower 
temperatures with a more gradual stepped cooling. Due to the 
higher viscosity of water at temperatures below −9°C, the mi-
gration of water is inhibited [83] and so likely inhibits the weath-
ering efficacy of IS at lower temperatures. For now, we would 
recommend an expanded Fcw of −4°C to −9°C for Wetterstein 
limestone.

4.5   |   Implications for Wetterstein Limestone 
Alpine Rockwalls

Results showed that while capillary rise and gravitational 
moisture movement processes do cause physical weathering 
(Figures  9 and 11), the freezing of rock moisture and the as-
sociated processes are far more effective physical weathering 
agents. Ice formation also creates zones of increased hydro-
static pressure both from top-down and bottom-up moisture 
supply [13, 12]. The retreat of the frozen fringe during our ex-
periment—analogous to retreating permafrost—displays a high 
level of rock degradation following the frozen fringe (Figure 10). 
Analysis of AE rates per hour showed that VE is generally creat-
ing the highest AE intensity over processes specific time, partic-
ularly over shorter diurnal cycles (Figure 11a). However, when 
considered over total freeze–thaw cycles time, IS has a much 
greater AE intensity (Figure  11e), implying greater subcritical 
crack propagation/widening efficacy, particularly in longer cy-
cles (Figure 11d). This shows that while VE is the most destruc-
tive individual process, when considered over complete cycle 
time, the more gradual process of IS has greater geomorphic 
effectivity [84].

While in our experiments there was only a limited amount of 
moisture availability outside of the frozen zone, it may be that 
in calcareous alpine rockwalls, even more rock moisture is 
available at depth. Rode et al. [2] suggest > 60% rock moisture 
saturation, and Sass [13] states that > 70% is available at depths 
> 20 cm, so a more common natural comparison would be to 
our exp.75+ where there was greater rock moisture available 
throughout the cycles. The other experiment runs are more ap-
plicable to rockwall zones with permeability such as detached 
blocks, porosity heterogeneity or fault gouge [85, 86, 87].

Climatic conditions in calcareous alpine rockwalls are shown to 
vary with aspect and elevation, with varying moisture availabil-
ity and recharge affected by inclination [2]. Our identified mois-
ture movement periods and their relative weathering efficacy 
would suggest that greater efficacy of physical rock weathering 
is seen during freeze–thaw cycles at rockwalls with a northerly 
aspect (in agreement with [30, 88]), due to their longer, colder 
cycles and moisture availability at depth to create favourable 
conditions for IS [80]. Southern facing rockwalls areas near to 
a snowfield but exposed to the increased temperature fluctua-
tions seen on south faces would likely have an increased rock 
moisture supply and so potentially have similar weathering ef-
ficacy to the longer cycles seen in Northern facing rockwalls, 
especially considering the increased thermal-stress-related 

cracking seen with the higher magnitude temperature fluctua-
tions [38]. In addition, the summed effect of more wet/dry cycles 
and hydrostatic pressures from capillary moisture fluctuations 
may end up reducing the aspect-dependent difference in over-
all rock weathering. Finally, the lower Fcw temperature range 
than stated in Rode et  al. [2] would suggest a greater time in 
conditions favourable for IS and so greater physical weathering 
in colder northern aspects at higher altitude. However, with the 
warming climate, other rock moisture processes may start to 
play an increasingly important role in the degradation of alpine 
rockwalls. Future development of a thermo-hygromechanical 
model to test these findings on field data is needed to under-
stand the full effect of this.

5   |   Conclusions

Our experimental findings highlight the role of rock moisture, 
its movement under freeze–thaw cycles and its effect on physi-
cal rock weathering. The occurrence of more AEs with greater 
overall moisture saturation suggests increased moisture is 
beneficial to weathering efficacy. However, our results also 
show that the peak of cracking intensity occurs at saturation 
levels of 70%–75%, which means that even higher saturation is 
not required. This suggests that there is a self-limiting effect, 
probably due to changing rock fracture mechanical properties 
and to a decreasing ability of water to move within the pore 
space. This means that assumed preconditions for effective 
frost weathering (e.g. required saturation of > 91%) must be 
questioned. Length of freezing cycle in interplay with satura-
tion also plays an important role in weathering effect. This is 
due to the rock moisture in lower saturated areas of rockwall 
being preferentially contained in smaller pore diameters, lead-
ing to a depressed freezing point of these areas and so less time 
with frozen rock moisture present relative to areas with higher 
saturation.

The question of whether VE or IS is more important for frost 
weathering must be considered in a differentiated manner. Our 
experiments demonstrate that VE has the potential to cause the 
highest weathering intensity of all moisture-related processes; 
however, as the effects occur in short time windows, the more 
gradual effect of IS is most destructive overall (inferred from the 
higher number of AE events). A temperature dependence of IS 
shown in our findings and those of previous studies suggest a 
Fcw of −4°C to −9°C for Wetterstein limestone. These results, 
combined with further observations from our experiment show-
ing rock weathering intensity following the frozen fringe during 
top down thawing, suggest that while having rock moisture al-
ready present in the pores is important during freeze–thaw cy-
cles, the continued availability of rock moisture (at depth or in 
the surroundings) is equally important to facilitate weathering 
processes such as IS.

Further studies are required with greater cycle repetition and 
more samples to account for potential random effects caused by 
porosity structural heterogeneity on stresses. Also, the addition 
of AE sensors on the surface of a rock sample during different 
climatic cycles would ensure that the effects of wetting and dry-
ing at the surface are not missed due to AE signal dissipation 
with distance.
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Supporting Information

Additional supporting information can be found online in the Supporting 
Information section. Temperature range of freezing points determined 
by temperature isotherm and sharp moisture decrease is shown in 
Figure S1. From Figures S2 to S6, cumulative rock moisture movement 
during different processes seen at depth across cycles in short, diurnal 
cycles and long, ca.72-h cycles is displayed. Finally, average change in 
wave speed velocity of AE events when the rock moisture is in frozen 
and unfrozen state is shown in Figure S7. FIGURE S1: Freezing point 
of rock moisture determined by abrupt drop in electrical conductivity 
and latent heat isotherms in temperature data. exp.75 (blue), exp.70 (or-
ange), exp.60 (green) and exp.50 (purple). 0°C line shown by dashed 
line. FIGURE S2: Cumulative rock moisture movement due to capillary 
rise seen across cycles in short, diurnal cycles (blue) and long, ca.72-h 
cycles (orange). Depth from sample surface in centimetres. FIGURE 
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S3: Cumulative rock moisture movement due to cryosuction to surface 
seen across cycles in short, diurnal cycles (blue) and long, ca.72-h cy-
cles (orange). Depth from sample surface in centimetres. FIGURE S4: 
Cumulative rock moisture movement due to frozen decrease in liquid 
rock moisture, due to phase change during freezing, seen across cycles 
in short, diurnal cycles (blue) and long, ca.72-h cycles (orange). Depth 
from sample surface in centimetres. FIGURE S5: Cumulative rock 
moisture movement due to frozen increase of rock moisture seen due 
to phase during thawing change across cycles in short, diurnal cycles 
(blue) and long, ca.72-h cycles (orange). Depth from sample surface in 
centimetres. FIGURE S6: Cumulative rock moisture movement due to 
cryosuction to base seen during thawing across cycles in short, diurnal 
cycles (blue) and long, ca.72-h cycles (orange). Depth from sample sur-
face in centimetres. FIGURE S7: Average wave speed velocity used in 
AE event linear interpolation for each experiment when rock moisture 
in frozen and unfrozen state. 
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