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Abstract. We investigate the application of spectral induced polarization (SIP) monitoring to understand seasonal and annual
variations of freeg@ng—and-thawing processes in permafrodly examiningin—particular—withregard-tothe frequency
dependence dfhe-subsurface electrical properties. We installed a permanent SIP monitoring profile at a high mountain
permafrost site in the Italian Alps in 2019 and collected SIP data in the frequency range betveriD.dver3 years.

ary-seismic-datsere-acquired,—which-togetherwitorehole-datawere-used-to-aid-interpretation Tthe SIP

imaging resultswere interpreted in conjunction witbtomplementary seismiand borehole datsets In particular, we

investicated the phase frequency effetb O i.e., the change of resistivity phase with frequency. We observe that this
parameter%.'O)ds strongly sensitive to temperature changes and might be used as a proxy to delineate spatial and tempora
changes ofde content in the subsurface, providing information not accessible through electrical resistivity tomography (ERT)
or singlefrequency IP measurements. Temporal changé&®@@re validated through laboratory SIP measurements on
samples from the site gontrolled freezéhaw experiments. We demonstrate that SIP is capable of resolving temporal changes
in the thermal state and the ice/water ratio associated with seasonaltfi@zerocesses. We investigate the consistency
between thé,."O©Observed irfield data and ground water and ice content estimates derived from petrophysical modelling of

ERT and seismic data.

1 Introduction

High-mountain environments are facing a rapid increase in air temperatures due to the amplification of the warnithg rate w
elevation (Pepin et al., 2015 ccelerating the rate of change of mountain permafrost systems and leading to increased

permafrost temperatures, active lagl) thickening and decreasing ice contents (e.g., Biskaborn et al., 2019; Etzelmdiller et
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al. 2020; Smith et al., 2022; Wu and Zhang, 2010). The changefingheal statehysicalpropertiesf the subsurface impacts

slope stability (e.g., Ravanel et al., 2017) and wateragemenbf-waterstorage capacitiesad-future-water-supplige.g.
Harrington et al., 2018Hilbich et al., 2022Mathys et al., 2022Rangecroft et al., 2016paking continuous temperature
monitoring of the permafrost evolution in mountainous regions more and more important, i.e. as part of global (Global
Terrestrial Network bPermafrost, GTNP), continental (Permafrost and Climate in Europe, PACE project) and regional (such
as the Swiss Permafrost Monitoring Network) monitoring programmes (e.g., Biskaborn et al., 2015; Harris et al., 2001,
PERMOS, 2021).

Electrical resistiviy tomography (ERT) is known to provide highsolution spatial estimates about subsurface electrical
properties sensitive to variations in temperature and water content, complementing spatially sparse borehole monitoring
observations (e.g., Hauck, 2002;Ud& et al.,2013; Krautblatter et al., 2010; Oldenborger and LeBlanc 2018; Parkhomenko,
1982). Hence, in the last decades electrical monitoring arrays were set up at several permafrost sites throughout differer
European mountain ranges to assess the texhpwolution of subsurface properties and processes relevant for permafrost
investigations (e.g., Etzelmuller et al. 2020; Hauck, 2002; Hilbich et al, 288i8en et al., 201 Keuschnig et al. 2017;
Krautblatter & Hauck, 2007; Mollaret et al., 2019;dRotti et al., 2014; Supper et al.,, 2014). In unfrozen conditions,
comparatively low resistivity values are observed due to electrolytic conduction taking place within the interconnected pore
space and along the electrical double layer (EDL) formed antiidace between water and mineral surfaces (e.g., Revil and
Glover, 1998Ward, 1990Waxman and Smits, 1968). Below the freezing point, the mobility of the ions is reduced, and part

of the liquid pore water is transformed into ice leading to an exgimhéncrease of the electrical resistivity with decreasing
temperatures (e.g., Hauck, 2002; Oldenborger and LeBlanc, 2018, Oldenbordgr, A2ftionally, repeated electrical

resistivity surveys were used to estimate relativanges in unfrozen wateontent{UWC) (Hauck, 2002; Hilbich et al., 2008;

Oldenborger and LeBlanc, 2018hat is the fration of water remaining unfrozen below the freezing peien at relatively

low temperatures

Nonetheless, the interpretation of electrical signaturessmsof ice, air and rock are still open to discussion and uncertainties
remain(Hauck and Kneisel, 2008hat are often reduced by combining ERT investigations with complementary geophysical
methods such as Refraction Seismic Tomography (RST) due nggigity to changes in mechanical properties between
unfrozen and frozen materials (e.g., Hausmann et al., 2007; Hilbich, 2010; Mollaret et al., 2020; Steiner et al., 20@1). Seis
and electrical data sets were combined in various studies to estirhatestric ice, water and air contents using thealed

4-phase model (4PM) approach (by Hauck et al., 2011). The 4PM has been implemented in a petrophysical joint inversion
(PJ1) framework for a simultaneous inversion of geophysical datasets (Waghe?@19). However, the presence of ice and

the electrical double layer (EDL) formed at the water interface requires the consideration of surface conduction (e.g.,
Bullemer and Riehl 1966Carantl and lllingworth 1982vhich has not yet been implemedtia the PJI

To account for surface conduction, the induced polarization (IP), also known as complex resistivity method has been teste
for permafrost applications (e.g., Doetsch et al., 28Hzjn et al., 2019uvillard et al., 2018, 2021). Expressederms of
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the complex resistivity, the real component relates to the resistivity measured through ERT, while the imaginary component
relates to surface conductivity arisiagy. from the accumulation and polarization of charges at the EDL formed icehe i

water or rockwater interface as well as protonic defects in ice surfateleMeoreover thelP measurementretypically
collectedin a frequency ranga-different-frequencies{commerietween 0.1 to 1000 Hin the secalled spectral IP, SIP)

(Lesmes and Frye, 200131he measurement of the full ice relaxation process requires the bechaflifrequency IP (HFIP)

with frequencies up to 100 kHRFIP field measurement®rz\klenk et al., 2016have revealed an improved delineation of

the ground iceontent as shown in Mudler et al. (2022). The enhanced polarization response at high frequencies is due to the
motion of charge defects in the hydrogeanded ice lattice dominant at frequencies between 4 and 11 kHz for pure ice (Auty

and Cole, 1952)The collection of highfrequency IP dateemains challenging due to electromagnetic coupling effects, e.g.,

arising due to current leakage associated to the high impedance of soil, electrodes ar(é.gafdedey et al. 2005; Flores

Orozco et al., 2018:; tremanNielsen, 2006; Kemna et al. 20M¥ang and Slate2019;Zimmerman et al., 2008or lower

frequencies, Kemna et al. (2G)4nd Revil et al. (2019) attributed the SIP freezing/thawing behaviour in saturated rocks to
both residual water films (bounsater) at the ice and mineral surfaces, as well as the presence of water in smaller pores with
a sufficiently reduced melting point as governed by the Gilitmamson effect.

Duvillard et al. (2021) applied a petrophysical model calibrated through labodatia to quantify the temperature distribution

of a permafrosaffected rock ridge from timdomain IP data. Mudler et al. (2022) estimated the ice content obtained from
broadband SIP inversion results conducted at a permafrost site in Siberia. Griin8tikman (2015) found temperature
dependent relationships between the ice volume fraction and the resistivity frequency effec(séeF&)p. Vinegar and
Waxman, 1984)n the laboratory aneetrieved-ice-volumegere able to estimate ice volunesa frazen silt permafrost site
Maierhofer et al. (20223howed that SIP data reduce the ambiguity in the interpretation of electrical resistivity data in a talus

slope a typical mountain permafrost landfoconsisting ofoarse block andheterogeaously distibuted ground ice contents

They show that iceich blocky material, unfrozen coarse blocky environments and bedrock (unfrozen and frozen) can result

in similarly high resistivity valuedutcan be distinguishealy distinctdifferentlP responses. Moreornghey demonstrate that

ice-rich areas are associated with a significant increase in the IP response for data collected above 10 Hz, as also reported
Grimm and Stillman (2015).

Laboratory studies have investigated SIP responses in a frequency ramgenb@01 Hz and 40 kHz during freezing/thawing
periods observed on various types of porous media (e.g., sandstone, granite, soil and sands) within a temperaturagange varyi
between15 °C and +20 °C (e.g., Coperey et al., 2019; Kemna et al.g20idbrockand Kemna2022 Olhoeft, 1977; Revil

et al., 2019; Stillman et al., 2010; Wu et al., 2017). However, SIP signals of natural permafrost soils and rocks awring free
thaw cycles have rarely been explored. Doetsch et al. (2015) presented IP modétaiagquired in the Arctic for a period

of 4 months during freezing of the ground and hypothesize that changes iG@elparameters obtained from tirdemain

IP (TDIP) timelapse inversions can reliably image freezing patterns. However, in their stagyid not measure the actual
frequency-dependence of the IP response, but rather assumed a predefined relaxation model to explain the decay curve i

TDIP data. To our knowledge, there have been no studies investigating the changes in the frdgpendgnce of the IP
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signatures (i.e., SIP signatures) due to subsurface seasonal freezing and thawing processes as well as processe®on longer ti
scales. Such investigations are important to extend petrophysical models such as the 4PNtatal iffrove ice content
estimations taking into accoutiite effectofmeasuredurface conductivity anf2}to-accountfoits spatialy and temporay

i B i svarialility.

In this study, we apply the SIP aging method in a high mountain permafrost terrain in the lItalian Alps, whergdong

JHngrooemten

borehole temperature and meteorological data are available for validation (Pogliotti et al., 2015). In particular, gatevesti
the frequency dependence of #ignatires-andmaging results covering a frequency range between 0.1 and 75 Hz for seasonal

and annual variations along three yegii8@ monitoring period. We hypothesize tliaé frequency dependenceSiP resolves

temporal changes in the thermal stated tle ice/water ratio of bedrock permafrost and the active layer (changes attributed to
seasonal freezing and thawing procesje

We propose the use of the phase frequency €fe®@)Jthe difference in phase between high and low frequencies) as a proxy
describing SIP responses without the necessity of fitting a relaxation model (e.g., tf@o@dleNe demonstrate that such
frequencyeffect can be used to evaluate seasonal changes in measured and estimated volumetric watefé@ntand
unfrozen—water—contedWC as well as PJtlerived ice content at one time instance. Laboratory results are used to

evaluateustainour field observations, in particular the phase frequency effect.

2 Material and Methods
2.1 Field site

The Cime Bianche monitoring site is located at the Cime Bianche Pass above Cervinia, Aosta Valley (Valtournenche
Municipality), in the Italian Alps (Fig. 1)ta an al ti tude of 3100 m a.s.|. (45A 55
Bianche plateau is dominated by garnetiferous mica schistssagilts and amphibolites with a deeply weathered and

fractured bedrock surfacé;-thus;-coveringhe bedraok surface ioveredwith a layer of finegrained to coarse blocky debris
deposits with a thickness ranging from a few centimeters to a couple of meters (Pogliotti et alS@20489-characteristics

mountain
permafrost-environmentSelifluction lobes which is atype of masswasting and sorted polygons of fine material indicate

the presence of permafrost, which was first recognized in 188@lieImin and Vannuzzo, 1995Permafrost monitoring
activities started in the late 1990s and the site was consecutigalymented between 2004 and 2006 by the Environmental
Protection Agency of Aosta Valley (ARPA VdA). Temperature measurements are conducted at different depths in a shallow
borehole (SBH, reaching a depth of 7 m) and deep borehole (DBH, reaching a dgpth)afs well as a spatial grid of ground
surface temperature loggers. An automatic weather station continuously monitors air temperature, soil moisture, net radiation

show depth plus wind speed and direction (Pogliotti et al., ZBdlet et al., 2016
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Figure 1: The Cervinia Cime Bianche study site located in the Italian Alps, with the SIP monitoring profile(SIPM), ERT/RST
monitoring profile - (MON), borehole (shallowborehole (SBH) and deep borehole (DBHBnd meteorolodcal sensos(MD) positions
indicated. SIP data were collected along seven profile&1-denoes-the-longterm-ERT/RST-menitoring—profile,—SIPM-the SIP
monitoring profile (SIPM), and-G1-E5-the SIP profiles C1-C5 collected for a spatial characterization of he site_and the longterm
ERT/RST monitoring profile MON (red part of C1). The TINITALY digital elevation model (CC BY 4.0) was used as base layén
panel 1 The satellite background image inpanel 3is overlain by an orthophoto of the survey area incluthg contour lines derived
from the digital elevation model (ARPAYS-Google-Maps
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In addition to the thermal and meteorological monitoring, annual ERT and RST (refraction seismic tomography) measurements
are collected since 2013 to observe lkvagn spatietemporal permafrost dynamics at the site (Pogliotti et al., 2015; Pellet et
al., 2016; Mollaret et al., 2019). Mollaret et al. (2019) observed a significant warming in the boreholes and elestiiag} resi
decrease from August 2013 and 2017 along thieeeBRT/RST monitoring profilevith-the-strongest-deease-in-the-area

etween the two boreholes. lce contents along-the ERT/RST menitoring-profile {see Fig. Wjtivestimatecoy-Mollaret
etal{2020)-using-the-PJl-withaximum ice contents of arodir25 %(Mollaret et al, 2020).

2.212 Ground temperatures and meteorological data

During the SIP monitoring period between September 2019 and September 2022, a mean annual air temperature (MAAT) O
about-2.3 °C and mean annual precipitation of about 100 yr-1-1 were measured at the site. Strong winds contribute to

the spatially changing snow cover thickness at the site with less snow recorded at SBH compared to the DBH (Pogliotti et al.
2015), with a snow cover duration of ~260 days per year withifstRemonitoring period. The borehole temperature data
indicate that the permafrost is at least 42 m thick (max. depth of DBH, not shown in Fig. 2) with permafrost tempetatures tha
vary between0.35 and-1 °C (at 10 m depth, DBH) during the three yearbl& 1 summarizes active layer thickness (ALT)
evolution for the two boreholes with highest values measured in October 2020 and lowest values reported in October 2021
The observed spatial variability of the ALT between the two boreholes (i.e., ~2.5%enedd® in ALT between SBH and DBH

in 2021) can most likely be attributed to different ice/water contents due to different surface and subsurface cotgitiens in

of weathering and fracturing of the bedrock (Pogliotti et al., 2015).
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Figure 2: (a) Metes round volumetric water content
measured at a depth of 20 cm andnow helght an (b) borehole temperatures of the DBH and SBH for the SIP monltonng peod
between October 2019 and November 202@
and-BBH-

Seasonal variations in borehole temperature are consistent and correlate with air temperature, water conterfigigdtsnow
From Fig. 2, it is seen that the surface was covered by snow for about 260 days a year and with larger average snmow heights
winter 2019/20 (0.9 m) compared to 2020/21 (260 days, 0.5 m) and 2021/22 (190 days, 0.2 m). Due to the reducegd insulatin
effect of relatively low snow height (e,&Zzhang, 2005 borehole temperatures reached lowest values in winter 2021/22. The

highest air/surface temperatures were recorded in summer(20268hown)-and-veolumetric-water-content-(NANC)values

0A®d Bborehole temperatures were highest in

summer 2022due to earlier snowme@lt During the monitoring period under investigation, the behavior of the VWC is

characterized by a steady minimuhndughout the winter~G-7.59 %) followed by a strong increase at the beginning of the

9



summer period (~ 20 %) due to snow melt (Fig 2 and Pellet et al., 2016). The highest variability of VWC can be observed

175 during summer when precipitation sums are high.

Table 1: Active layer thickness(ALT) evolution for the SIP monitoring period between October 2019 and August 2022

ALT SBH ALT SBH ALT DBH ALT DBH
vear (m) (date) (m) (date)
2019 -5.9 201911-18 -5.9 201911-13
2020 -5.9 2020:10-20 -6.7 202010-22
2021 -3.5 202110-28 -5.9 2021-10-29

2.3 Spectral induced polarization as monitoring method in frozen ground
2.3.1 The complex resistivity method

The induced polarization (IPethod also referred tas complex resistivity (CR) methodageophysical electrical technique

|180 which isbased on measurements of the electrical impedagigethatcan be performed in the timer frequency domain.
When conducted in the frequency domain (as in our stiaxp)electrodes areised to inject sirusoidal current into the

| groundanda second pair measures the resulgraseshifted voltage. The impedanceéy is then given as the amplitude
ratio and phasshift between the measured voltage and the injected current. When performed at difgreandies in the
mHz-kHz range,commonly referred to as spectral IP (SIR)formation onthe frequency dependence of thkectrical

185 propertieds gained Multi-electrode measurements, in combination with inversion algoritaigs Binley and Kmna, 20085)
permit to resolve for variations of the complex electrical resistivify (or its inverse, the complex electrical conductivity
. ) in the subsurface (e.g., Kemna et al. 2012). The complex resistivity eaniies asits magnitudes’ 7 s ( qm) and
phase shift%9 (rad) orexpressedh terms ofthereal’(7 ) (gqm) and J madgigmar ¥ omp o(eg,nt s,
Binley and Slater, 2020; Wait, 1984)

190 — " "1 0 g1 L,
1)
$°1s m1 7 1 ,and )
%ol AOAGA+ | 3)

wherg representthe angular frequency ( ¢* "QCthe excitation frequencyor low frequencies < ldemmenhy-between

195 0-1-1000Hz) and(s the imaginary unit’Q p). The reabnd imaginaryomponerg of the complex resistivitgccount for
energy loss associated with conductmaenergy torage associated with polarization (capacitive property). In natural media,
with a negligible amount of electronic conductors, conduction takes place in the porthiftuigh the migration of ions
(electrolytic conduction, ) and within the elecical double layer (EDL) present at the interface between grains and

electrolyte (surface conductionpge) (e.g. Schwarz, 1962; Leroy et al., 2008). The EDL results from the attraction of
10
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counterions by charged mineral surfaces, depending on subfag®eand surface area. In the presence of an external electric
field, charges in the EDL polarize resulting in the polarization effect (measured by the imaginary component of complex
conductivity,, a2peAccordingly, for frequencies < 1 kHz, the campconductivity , * (or”*
and Slater, 2020

A7 w o] E 1 . 4)

In the measured frequency band its frequency dependence can often be described byGloéeCotelel (Gle and Cole,
1941).

Considering that fiekSIP devices are often limited in the frequency range and might lack the possibility to recover the

) can be written as (e.Binley

frequency maximum required to fit a dispersion model such as theGQotde we propose here to quantify the freney
dependence in the SIP signatures using the phase fregefact/0600. Such parameter represents the difference between

the logarithmsof the low--frequency and highfrequency%ovalues over a spread of frequencié$ énd normalizedy the

difference of the logarithms dietwo frequenciesccording to

%:00 , ©)

wherg is the lowest frequency (in Hz) and the prodilet represents the maximum frequency investigated (in Hz).
Grimm and Stillman (205) proposed a similar analysis but they only took into account the change in electrical resistivity over

a spread of frequencies and ignored the polarization paranféiersl( &3.ae

2.3.2 Temperature dependence of electrical properties

The dependence abck electrical properties on temperature differs for temperatures above and below the freezing point.
Above the freezing temperature, in the presence of liquid pore water in afraetabrous rock, the bulk electrical conductivity

is controlled by thelectrolytic conductivity of the liquid pore water and the surface conductivity, while the polarization effect
for frequencies below 1 kHz are mainly related to electrochemical (ionic) polarization in the EDL at the poresalader

matrix interface (Kema et al.,, 2012). The temperature dependence of the electrical conductivity is controlled by the
temperature dependence of the ionic mobility which is inversely related to the viscosity of the fluid and can be approximated

by a linear relationship (Revahd Glover 1998, 2012; Zisser et al., 201Q)/ithin our analysis we ussemodeby Oldenborger

(2021) for the temperature correction of the bulk electrical resistivtiich can be written as:

vV vV N | A VAREMA V4 (8)
” T [T SR = A p—— ] )

” ” p | "Y "Y T uY -,Y , (6)

wherg andf _ardsthetemperature compensation factfor a fluid that depends on the choice of the referezmpérature

"Y and"Vis the temperature at whi¢l- is measured

electrolytes-whilerecent-studies Qldenborger (2021) derived different values of Eq67 (i.e.,| mrgld h"y
¢ 10N g v h'Y p m@on Mo ckp h'Y mndk.

11



Binley et al. (2010) measured the change in real and imaginary conductivity with positive temperature and reported an
| approximatencrease of aand, @ 1.5 Hz) with temperature of 2 % per °C using &§). Other empirical formulations
modelled the temperature dependence of electrolytic conduction by an Arrfieféug.Oldenborger, 2021
| Whenwater changes its phase frdigquid to solid the salinity of theemainingliquid pore water phase increagesy., Hobbs,
235 1974; McKenzie et al., 2007Above the eutectic temperati®., the temperature where water starts to crystabize)elow
the freezing temperature, iorégclusion leads to remaining salt within the pore wateg., Coperey et al., 2019; Oldenborger
and LeBlanc, 2018; Revil et al., 20I8)danincreagin fluid conductivity.Duringice formation the decrease in water content
with temperature is graduahd follows a freezing curve (or thawing curve), where no sapeling is present (e.g., McKenzie
et al., 2007). The saline unfrozen watecomposed afesidual water filmsi(e., bound water) at the ice and mineral surfaces
240 andwater in smaller pores thi a reduced melting pointelatedto capillary and adsorptive forces according to the Gibbs
Thomson effect (see, e.g., Dash et al., 2006; Kemna et alg2@@hammed et al., 2018). Duvillard et al. (2018) and Coperey
et al. (2019) extended the Stdayer modelof Revil (2012, 2013b, 2013a) to freezing conditions to describe the dependence
of the electrical conductivity and the maalized chargeability on temperature below 0 °C including parameters as the residual
water content, porosity, freezing andachcteristic temperature. Similar resistivigmperature models were used to account
245 for the temperature dependence of the electrical resistivity upon freezing for geophysical investigations in permafrost terra
(Oldenborger and LeBlanc 2018; Oldenborg&21).

‘ 2.33 PTemperature—correctioh—and—prediction of unfrozen water content and volumetric water content from
petrophysical relationships
The distribution of subsurface electrical resistivity depends on soil properties such as satitatituid resistivity () or

|250 conductivity (, )ithelogic-propertiegorosity ( ) and surface conduction () (e.g.,Lesmes and Frye, 200which can be
written as:

| oY %o, 7)
whered is definal as the cementation exponantlé is the saturation exponent. While the saturation exponent varies in the

range€é ¢ -, the cementation exponent can range from 1 (for rocks with a low porosity budevelbped fracture

255 network) to around 5 (for ks with a low connectedness of the pore and fracture netw@ldyer, 2009.
Neglecting surface conduction, Oldenborger (2021) computes the volumetric water ¢ontegiicent)as a function of

porosity and saturatioriY ), such as:

Owwd Yt % tp mht (8)
with saturation being resolved from ERT data usingdhiewing relationship-which-can-be-written-as
— —
260 i ¥—09 . 9

i
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Within our study, we used the same value (i.e., 1@0) for the pore water resistivit§f ) as previous studies at the site
(Mollaret et al., 2020) and estimated the cementation exponent for a given measurement of VWC, with a constant factor

and asumingg  ¢8n Eg. 9,the” is the temperatureorrectedrepresents—a-temperature-correction-applied-tdlie
electrical resistivitydataat 0.5 Hzof Eq. 6. Such-correctionis-based-onthe-model-by-Oldenberger{20 which-can-be written

Upon freezing,Y decreases arid increases due to ionic exclusion and estimates of the unfweaier contentY=¥, which

is the fraction of water remaining unfrozen even at relatively low temperatures, can be deredibis (et al., 1976
Y -, (120)

with " being thetheresistvity offer frozen and ferof unfrozen material for which it is assumed that the pore space was
completely saturated prior to freeziny®¥ p). Using an exponential relationship for subfreezing temperatures,
" A : (121)

Hauck (2002) and Oldenborger and LeBlanc (2018) derived estimates of the unfrozen water content as follows

vy A— (132)

with the constan@being a function of depth.

2.3.4 Monitoring set-up and acquisition of SIP imaging data

An array of 64 stainless steel electrodes with a separation of 3 m between electrodes connected with coaxial (shisjded) cable
resulting in a profile length of 189 m was permanently installed in October 2019 at th8i@imke plateau. The position of
the SIP monitoring (SIPM) profile was chosen away from boreholes (c.f. Figure 1) and other metallic structures to avoid
interferences due to electronic conduction. The position of the profile aimed at covering diffeface sharacteristics,
namely finegrained, coarsblocky areas and parts dominated by bedrock outcrops found along the study area towards the
understanding of spati@mporal SIP imaging results associated to different substrates duri@tPtmnitoringperiod.
Measurements were conducted with an edtannel data acquisition system (DASmanufactured by MuHPhase
Technologies). The configuration protocols consisted of digigdele (DD) and multiple gradient (MG) arrays and deployed
coaxial cablesa reduce crostalking (e.g., Flores Orozco et al., 2013). During $iE monitoring period, between October
2019 and August 2022, SIP data were colleetieéth 12 different frequencies in the range between223 Hz using a DD
configuration with dipoldengths of 12 m (ski3) as normal and reciprocal (N&R) pairs for the quantification of data error
(e.g., LaBrecque et al., 1996; Flo@sozco et al., 2012; Slater et al., 2000) yielding a total number of 1474 quadrupoles (Table
A, Appendix). The MG confuration was deployed with a total number of 744 quadrupoles using 4 potentiak ditie
lengths of 3 m, 6 m, 9 m and 12 mithin the current dipole in order to collect data sets with a higher sigimalise ratio
(e.g.,Dahlin & Zhou 2008 comparedo the DD configuration. These M&tusurveys-were-especially-importaatformed
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betterduring the winter period (between November and Jurmlated-topoor galvanic contact between electrodes and the
ground (also called contact resistaitg andlow current densities injectddring-the-measurements-carried oufrozen

terrain covered by snquhusdeterioragdng the quality of the DD measurement$ean current injection§®varied between

0.2-15 mAthroughouthe whole SIP monitamg period and are listefdr every measurement dateTable Ain the Appendix
'Y were recorded before each data acquisition with observed mean values betie@r020 k Meaa-qudent injectiondy
varying-between-0-25-mA—{Table-A—Appendix) The highestY values were measured in the codokecky part with
observed values of 30 kY in the sumh®0O |e&r iiond tahned wli2n5t er mont h
observedeguiredor electrodes located in the figgained part of the profileith 'Y lyingvaluesbetween®2 0 kY i n surm

andbetween40 0 kY in winter.

During the SIP monitoring period, we avoided artificially wetting the electrodes for a reductior(enfy., Mollaret et al.,

2019; Maierhofer et al., 2022), to ensicomparable conditions throughout the year (as proposed by e.g. Hilbich et al., 2011).
We aimed at collecting an entire SIP data set once a month during a period of 2 years (between October 2019 and Octob
2021), to capture seasonal and annual chamgie ipolarization response. However, inaccessibility to the study area during
the COVID-19CerenaPpandemic and technical problems lead to gaps in the SIP monitoring data in December 2019 and
December 2020, as well as to the period between March and@2@d2 addition to the monthly measurements, we collected
another engf-summer dataset in August 2022.

2.35 Datafiltering, data error analysis and inversion procedure of SIP monitoring data

We processed DD and MG data for every frequency and monitdaitegindependently, following the automated processing
procedure presented in Fig. 3. For all DD data sets, we removed as erroneous readingsutiwsdated toY > 200 Kk Y
(are considered as open circuit) and/or negative impedance magigudduges, as well as positive impedance phase values

(%9. In case of DD measurements, outliers were identified (and removed) as those quadrupoles for which leéwaesfit

normal and reciprocal impedance magnitudedf and phase ¢ %o readings was larger than 50% of the average value

(0 %o ) and larger than twice the standard deviation of the N&R misfit of the entire data set, similar to Maitrhbfer
(2022). For MG surveys, where no reciprocals were measured, we developed an analysis scheme for data quality that conside
the relationship between phase and voltage readings to assess signal strength and a moving average filter to remove spa
outliers and erroneous measurements (c.f., Fig 3). In other words, we removed isolated readings based on plots from pha:
readings plotted against their associated voltages. The resulting numbers of data after filtering are summarised in Table /
(Appendix)for each survey.

After the analysis of the independent data sets, we analysed the temporal evolution of the number of quadrupoles for eac
frequency. This is needed to warranty that imaging results obtained from different times are related to silflanr&saee

to the high number of outliers detected for winter measurements (up to 80% for 75 Hz), we did not systematically remove

unrepeated quadrupoles for the enitE monitoring period. We performed analysis for detailed processes: (1) the thdwing o
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the active layer during the summer period (June to October 2020), and (2) thenimtef changes based on summer
measurements (August 2020, 2021 and 2022). For those two specific analyses, only repeated quadrupoles were used f
inversion.

The N&R andysis revealeda significant increasef 30-50 % in the error parameters ftine winter measurements

demonstratindower S/Nin winter andhigher uncertainties in thimaging results obtained for measurements between January

andMay. Different SIP_ monitorig studies€.g., Lesparre et #2017 FloresOrozco et al., 2019) use the same error parameters

for the inversion of the entire monitoring periassuming that this permits the comparison of imaging results obtained with

the same level of contrasts, j.eensitivity However, such an approach assumes fairly consistent S/N across the monitoring

data setAccordingly, within our analysisassuming thesame error parameters for the enfi® monitoring periodead to

eitherunderfitting the readings in sumer (assuming the error level from winter measuremewtsipverfitting the winter

data when inverted to the error parameters observed in summer measurements. Hence, we define error parameters for ec

data set collected at different times and frequeneidich also considers tfrequencydependence observed in our datth
higher misfits detected for higher frequencies compared to lower frequésiomar to FloresOrozco et al.2011)Analyses

insummerand-wintelAdditionallyHence we usedpe
each-time-instance-witthe same error parametersedfor DD and MG data, since error models allow the use of the same

error parameters for configurations where no reciprocalaaiable.

For the inversion of the SIP data, we used the figiéenent smoothnesonstraint inversion code CRTomo (Kemna, 2000),
which computes the distribution of the complex resistivity in the subsurface from a given data set of impedance magnitude
and phase values at a distinct frequency. EBgitar estimates are defined in the inversion and permit to fit the observed data
within its noise level, which is defined by the error model (Kemna, 2000). The iteration is stopped if the RMS difference

betweenmodel response and datdich includes a normalization of the individual misfitg the error taken from the error

modelreaches a value below its target value of 1, after which smoothing is again increased until the RMS value is equal to 1

(within a toleance interval). fius;-he inversions converge to the target value fitting the observed data within their estimated

noise level for the smoothest possible mote

collected-at-dierentfrequencies-and-times.

To assess the reliability of the monitoring inversion results, especially regarding the resolved electrical propertesvat dep

s data set

make use of the depth of investigation (DOI) index, introduced by Oldenburg and Li (¥88@).dnalysis, we calculated the

DOI index for resistivity and phase imagés it andd  oha for all frequencies as
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(14)
360 with constant reference modelséof p mtli h vi O AaAda pmmni h x d OABOI valuesare computed

for resistivity and phase imagesd applied separately to the corresponding ima@feschose the values of the reference

models as mean minimum and maximum resistivity and phasesvaehserved in all SIP images. We blank model regions
with large DOI values (i.e., > 0.2 as proposed by Oldenburg and Li, 1999) in all imaging results presented in this study.
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Figure 3: Work flow of SIP data processing for themonitoring data set at Cime Bianche, Cervinia.

2.4 Complementarygeophysicaldatasets-3B-electrical-survey

In September 2019, we collected ERT data along five profiles C1, C2, C3, C4 and C5 ,(Rigriestigate-the-spatial

370 haterogeneitie ' he_aad-laver and ubsurface haracteristi 3 he—monitorng '_ he datanemsared—in 2
frequencies-between-0-1-and-225 liding the DASL device with a DD configuration with dipole lengths of 12 m (sKip
For profiles C2, C3 and C5, 32 electrodesl @ separation of 4 m was chosen, whereas profiles C1 (prolongation of the
ERT/RST monitoring profile) and C4 consist of 64 electrodes and 2 m separation. Data quality was evaluated by means o
N&R analysis and the inversion of the resistivity data atHx5vas performed in 3D using the modules of the egmmce

375 library pyGIMLi (Riicker et al., 2007 We used mean error paramei@ss0.1q (=5 %)from N&R analysis for the inversion
of the ERT data sets to fit all data to the same error level enabbegex comparison of the mutfimensional (different

profiles and frequencies) inversion results similar to Lesparre et al. (2017).
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Refraction seismic tomography (Rpmeasurements were conducted along the SIP monitoring profile in August 2020 with a
24-channel Geode instrument (manufactured by Geometrics) and 24 geophones (corner frequency of 30 Hz)-alitha roll

of 12-geophones overlap. In total, 36 receiver dddshot locations were used with ~15 individual shots recorded between
electrode 12 and 48 (between profile meter 33 to 141) keeping the same geophone spacing as for electrodes. We used
sledgehammer as source of the seismic waves with hit points betwegnsecond geophone along the seismic refraction
line. The individual shots were stacked ~10 times to improve the gigmnalse ratio of the seismic data. Fistak travel

time picking was manually done using the osenrce library formikofSteing and Flores Orozca2023 which provides
modelling, reading and basic processing of seismic waveform data. A 120 khasswilter was applied to the seismic traces

to mitigate the influence of higliequency noise-or the independent inversion of theked Rwave travel times we used the
modules of the opesource library pyGIMLi with an estimated RST data error of 2.2 ms from comparing a subset of travel
times that was picked twice.

We used the PJI framework developed by Wagner et al. (2019) tofgubatfour volumetric fractions of icé, water {Q),

air ('Q and rock matrix™Q), based on the filtered apparent resistivity values and pickedv@ travel times. We used the
samevaldesporosity and seismic velogivaluesasprevious-studies-at-the-sitén(Mollaret et al.(-2020), Namelyi.e. arthe

initial porositywas-settof 40 %_andconstituent velocities)( ) ofas1500 m/s for pore water, 3750 m/s for ice, 4000 m/s for

the rock matrix and 330 m/s for air. We auonted for surface conductivity in addition to electrolytic conduction by introducing

a constant surface conductivity term in Archiedbds | aw. We
on laboratory studies on pure ice (Bullemeda&iehl 1966; Carantl and Illingworth 1982) and rock samples under freezing
conditions (Coperey et al., 2019)) and chose a final constant value across the imaging plane of 0.01 S/m as it resulted in th
lowest chisquarg...). Fhe-finalRPJresulis-arepresented-in-ApperiA relative error of 5 % was used for the ERT data
following the N&R analysis and an absolute error of 2.2 ms for the picked travel times in the inversion, which resulted in an
errorweighted... ehi-squardit of 1.0. The final PJI results are presented in Appertix

2.65 Complementary data=-SIP laboratory data

Laboratory measurements were performed on a cylindrical solid rock sample of 10 cm length and 3 cm diameter of amphibolite
(with a porodly of 3.5 %) and a loose sediment surface sample, both collected close to the SIP monitoring profile. The electrical
impedance was measured in a frequency range of 10 mHz to 45 kHz during controllethfzi@eegcles (+20°C te40°C to

+20°C), using a 4hannel SIF04 impedance spectrometer (Zimmermann et al., 2808)is shown in the Appendix Bhe

solid rock sample was fully saturated with water of similar fluid conductivity as in field conditions (0.QES/ris purpose,

diluted tap water was udeto obtain an electrolyte with a distribution of ions that resembles realistic field conditions.

Afterwards, the samplevassealed in a shrinking tube, and placed in a climate chamber where it was cooled down from +20°C
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to -40°C by successively changitige temperature in steps of 0.2°@°C with a duration of 120 to 180 minutes for each
temperature step. Limbrock and Kemna (2022) found such settings to be sufficient for the given size and thermal properties o

the sample to reach thermal equilibriumtekbne freezing cycleards the samples were heated up again following the same

temperature procedure. For potential measurements, we used ring electrodes made out of tinned copper with a distance of
cm. The loose sediment sample was saturated updtumetric water content of about 20%, with the same type of water and
placed in a cylindrical container with a total length of 18 cm, a diameter of 4 cm, and a potential electrode separation of 6

Due to the increased sample size, the duration of eagbetrature step was increased by 60 minutes.

3 Results
3.1 Site characterization

In Fig. 4, Wwe presenin-Fig—4-the3D electrical resistivity results as slices extracted at different depths parallel to the surface
obtained from the 3D inversion of thiwd ERT profiles (CAC5) collected in September 2019. Fig. 4 shows lower electrical
resistivity values in the shallow subsurfatetveer0 and- 4 m depth) than for deeper layers (> 5 m depth), with slightly
lower values observed in the western compaveti@ eastern part of the study area. The thickness of theekistive surface

layer (inflection point in electrical resistivity) is slightly overestimatedtm-depth-at SBH-and=5-m-depth-at DRdinpared

to the thaw depth measured in the boreholdbedate of the geophysical measuremedisi{in-the-SBH-and-4-m-in-the
DBHFig.49 most likely due to the smoothing in the inversion. Low electrical resistivity values (<n§Opare observed in

the northern and the centnakstern part of the study aréa all depths; whereas the highest electrical resistivity values
30000y ) are observed at > 5 m depth in the central, certistern and centrabuthern parts of the study area. Between 6

and 20 m depth we observe no strong resistivity changgpth-associated to the permafrost body.
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Figure 4: Spatial characterization of the Cime Bianche monitoring sitderbased onthe 3D electrical resistivity inversion results
from five profiles collected in September 2020 (dotted lack lines). Panels af) represent as-slices parallel to the surface in six
different depths. The borehole location of the SBH and the DBH are markeshd white contour lines represent the surface elevation
The coordinates of the SIP monitoring profile ae shown in addition (dotted grey line), but these data were not used for inversion
due to a differing measurement date (October 2020Panel g) representghe resistivity-depth profiles at the location of the two
boreholes with themeasuredthaw depth (dashed lines)and the inflection point in the resistivity data (dots).

The baseline SIP imaging resullsng the permanent SIP monitoring proéfeOctober 2019 are presented in Fig. 5 expressed

in terms of the phasésf, the real { ) and imaginary”( ) components of the CR, obtained for data collected along the SIP
monitoring profile for low (0.5 Hz) and high (75 Hz) frequencies. While the frequency dependence is pronounced in the
polarization parameters (f6 and%j, we observe no variation fn with increasing frequency for the whole imaging plane.

Similar to the results shown in Maierhofer et al. (2022), absbdlutend%ovalues are higher for 75 Hz (hereaftereeaad

%o ) thanfor 0.5 Hz ( 8eeaad%oa) M—generaI-Ceomparatlvely low-Nj-Njaje-%e values (*-8e-o—FF-Fp—FrFimj—;

fr%eox—p1—p-rirOA-dre resolved at depths < 4 m for
" g8, " @and% and <5 m fofk g the-polarization-at-0-5-Havhich can be related to them thickthaw layerfwitha
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thaw-depth-of- 4-m-for-both-boreholes-at-the-measurementatagosed of fineto coarsegrained material (see the surface

characeristics shown in Fig. 5allhe thaw laydt is underlain by a highesistivity layer with high absolufé g _and%o
valuepolarization-val : : jrFP6e X O Ad j

O-A, Avhich
is represetative for the permafrost bodg.g. Table 2) The contrast between the two layers is highestfor s sand%o .
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Figure 5: SIP baseline imaging results, corresponding to data collected in October 2019. Panel a)resents different substrate
classes, which are discussed in more detail in the Discussion Section. (b) Baseline complex resistivity model (October 200/80
frequencies (0.5 Hz and 75 Hz) with the two boreholes located at the center of the profilegt8BH 20 m away, the DBH 50 m away),
and the black layer representing the thaw depth at the measurement date.

455
Concerning lateral changes in the SIP images, the highest electrical resistivity and absolute phase values are olilserved for .

depths between pfile meter 138 and 16@.g. PE3 in Table 2)corresponding to the coarsest amphibolite blocks-pfm

size found at the surface of the SIP monitoring profile (see Fig. 5a). The uppet®wsbilprofile meter 93 to 117 reveal the

lowest resistivity vales and absolute phase values at 75ez PF 2 in Table’2e- ot %e>—pFir O-A dlong the
460 profile, which can be related to a thin layer of silty soil with some vegetation andrfireed caleschists observed at the

surface (see Fig. 5a). The contrast to the frozen bedrock is clearly visible foarthis the profile for all components of the
complex resistivity except for seaad%. , where we resolve a lopolarizable anomaly also at depth ( pprrt mj
% @1 O A Anthe northern part of the monitoring profile with intedize grain size (between 0 and 51 m), we observe
low real resistivities and absolute phase values at the sudageAL 1 in Table 2 &+ F A Fp-u-—Fge g aoos i

465 XA %ot OA A e ARV FM— %X T A X HOAAN at deptheg. PF 1 in Table 2) %-¢-b—FIT
P 0 9Y P %ot b—p-H—O-AA v aem-rp—@-mg)for 0.5 Hz and intermediate absolute phase
values for 75 Hzgee Table Zex—pu—c FiRO-A.A
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Table 2: Range of complex resistivity value®bserved along the SIP monitoring profile for different subfate classes

Subsurface materials " s E(m " seded ) " ooy ) %og | OAA %o (mrad)
AL 1 UTMMTMTP MMM T T YT Ot T YIt 1T -5 T X
AL 2 O T TITY O TT QT oyt pTMTLTT v pT 0T O
AL3 YMMIPGUIT XT PG PETLTL P QU T L pu PG TG M
PF1 QUTTPUTTT XTTPITT VTMITIpP QT T v o pT PTITP QT
PF 2 CTTIE MITT Wt porm TMMPPTT U puL TMPMT
PE3 PTTTQTTTT pTMTO M XpUuTT pTT pU pa@ g
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3.2 The temperature dependence of the SIP method

Fig. 5 reveals clear variatis in the polarization for different depths (i.e., temperatures) and frequencies. To better understand
the temperature dependence of the polarization response, we show in; Hig B@asured impedance field data (apparent

480 resistivity magnitud€” )} and phasé€%o 1)) in the active layein a frequency range of45 Hz between October 2019 and

November 2021 including warm (i.e., summer mopthsm July to October) and cold (i.e., winter montbksm November

to May) periods. For comparisphRig. 6b shows$|Pthe laboratorydatameasuremenia the same frequency rangel-75-Hz,
corresponding-tmeasured ovea thawing cyclewith-varying-temperatures-betwetom -10 °Ctoand+10 °C.

485

490 For both laboratory ar@lmilartothefield data, ve observexlse-for-the-SiRPlaberatery-measurementiear distinction in the

polarization response between unfrozen and frozen states. Absolute phase values are low for positive teligpenateres

months)and show no significant frequeneyependence; ereasf temperaturelecrease&during wintejthewe observe an

increase in absolufiée valueseight times highethan in unfrozen staédselute%—values between 1 ad 75 Hzinrcrease

both-with-frequencyand-with-decreasing-temperatur€his increase in absolute phase subfreezing temperatulhsring
495 freezingstarts at frequency of .5 Hzfor the field dataat~10 Hz for the loose sediment sample and at ~50 Hz for the solid
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rock sample. Thus, the inflection point seems to change depending on the texture/icesédhtentmples—analyzed-in-the
laberatey. Such effet can be related to the wédhown temperaturdependent relaxation behauicof ice with its maximum
in the kHz rangéas shown fothe full spectrunibetweernl0 mHzand 45 kHan AppendixBpure-ice-by-Auty-and-Cole19h2
Additionally, at-temperatures-8-°C,-we-observe-a-highbe increase in absolufié valueswith increasing frequency is
500 more pronouncedetween-t-Hz-and#0-Har the loose sediment sample (45 mraelléx °C)thareempare-to for the solid
rock sample (15 mrad ai0 °C) suggsting anenhanced resporiserease—in-abseoluie—valdeswith increasing ice

contens. Accordingly,Fig—6-suggests-thilie frequencydependence in the phase measurements might be used asoproxy
sense-theresponse-ofice,-ite. discriminatebetween regions with no ice and regions richer in ice, as also observed in
Maierhofer et al. (2022). Clearly, the frequency range in the SIP data needs to extend above this sensitive frequency, whic

505 corresponds to an inflection point between the lowaese (likely due to the geology) and the high values associated to ice.

When comparing the SIP monitoring and laboratory data, we find a similar behewtbe polarization during freezing and

thawing cycleswi ed to

wnfrozen-state-hbwever, the increase in absolute phase is smaller for laboratory dei&b(@5 mrad for the rock/sediment
sample) than for field data (Z®0 mrad) in the temperature rangpvered by both data set8 fo +10°C observed within the

510 active layer at our field site).
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Figure 6: (a) Temporal changes of SIP measurements between October 2019 and November 2021 (frequency ranger13z).
Impedance manitude expressed in terms of its phase and magnitudednverted to apparent resistivity) valuesand shownfor level

1 and 2 (i.e. 3 and 6 m electrode separationbetween current and potential dipoles, which corresponds to the active layer) at a
horizontal distance of 80 m.DFhe-SIP-data—arepresented-for-all-DD-monitoring—data—sets—with-ifferent symbols and colors
representing different years and months, respectivelyVariations in z.__and” 1 __Detween summer and winter are linked to
seasonatemperature variations between +10 and8 °C measured in the borehole close to the subsurfacgb) SIP laboratory

-5.0

—7:5

—10.0

measurements on a solid rock sample and a loose sediment sample collected at the site close to the monitoring préfifgarent
resistivity-and-phase-values-are-shown-ifor a frequency range between 1 Hz and 75 Handfer temperatures between10 °C and

+10

°C.
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3.3 The phase frequency effect and its link to temperature, water content and ice content estimates

525 Figure 6a shows that our StReasurements-at-thield sealelatado notcaptuesolveforthe peakin the frequenegependence
which according te.g.Auty and Cole 1952 would be expectetdetweerd and 11 kHZor pure ice but extend above the

inflection point associated to a sengtifrequency, where phase values increase with increasing frequency and ice content.
Hence, we propose to analyze the phase frequency éi€¥Ppresented in Equation 5. To evaluate the applicability of such
parameter, we present in Fig. 7 the lab measurements collected during (7a) freezing and (7b) thawing cycles in terms o
|530 apparent resistivity’(  at 0.5 Hz) and for th#&OCcalculated between 70 and 0.5 Hz).
After saturating and cooling both samples from +10 °C to ~0 °C, 'bothand%sOCiollow a linear trend, with values
increasing with decreasing temperature. During initial freezing, supercooled conditioronstant’ and%c0Cralues
occur between 0 °C an@.81 °C for the loose sediment sample, and between 0 °G2a8dC for the solid rock samplenA
exponentiakudderincrease irf (averagerate-of change ®MQ  @J6 for the sednent sample, 1.® @5 for the rock
535 sample) an&OQaverage—rate—of-change-0f044 per °C for the sediment sample, 0.031 per °C for the rock sample) is
observed below this temperatamewel-as-an-exponential-increase-inthe-electrical paranfioiand” with-decreasing

temperaturewhich is-Suech-effectiindicative of abrupt ice formation in the pores of the samples. During thawing I@n@G

to-0.1 °C (for the loose sediment sample) respectiMly °C (for the solid rockasnple),” and%OQradually decrease
with a smaller average rate of change for the rock sangBe@ dJ5h8t ¢ P QI6) than for the sediment sample
540 (0Q dX)ht ) QI9), suggesting continuous melting of ice in the por@cepFhe %:OGlightly-increases-and-decreases

o o

a¥a A ° 'a ne loose adimen mple nd-bheh@)
C g SAS. a0 Ky

collow : I ing freezing.

During thawing,’ and%cOQare generally higher than during freezing%. OO T8t v. Upon freezing, supercooling leads

to a remaining unfrozen pore fluid below the freezing point until ice starts to form, thus, resulting in a larger anmdrozesf u
545 water compared to thawing pesses at the same temperature (Wu et al7)2@dditionally, we observe a lowering alfie

freezing poinbf waterislowereddue to ions being excluded from ice formation and accumulating in the liquid phase (Bittelli

et al., 20@),similarto-what waslmserved-inthe laboratargimilarto-earlier studies(Kemna-etal—281drautblatter-et-al

a-lowering-of-thefreezingpoint-of-water-in-smallerpores-of- the-solid-re ample-is—observed-due-to iIIaryand

i i i At subfreezing temperaturesg-observe-overall-highér and

550 %oOCQraluesare generally highdor the loose sediment samlempared-to-the-selidreck-samplehich can be explained by
a higher ice content of the loose meent sample compared to the solid rock samiglaxce, from Fig. 7 we depict a clear

dependencef the %O'Gbn temperature and ice content
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Figure 7. Temperature dependence of) the impedance magnitudeat 0.5 Hz) andb) for the™ 5 [{calculated between 70 and 0.5

Hz)and-the-phase-frequency-effecmeasured on solid rock (solid) and loose sediment (loose) samples duriajjfreezing (blue) and
{b)-thawing_(red) in the laboratory (samelaberatery-experiments as shown in Fig6).

Fig. 8 shows the spatial variation in t&O'QGcomputed from the inversion of field data collected in August 2020 along the SIP
monitoring profile. To investigate a possible correlation with ice and water content, we compare this imageesitnaét
volumetricice and water content¥) "Q) reselved-frorbased orERT and RST data collected on the same day in the same
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profile. The completérversionresiis-ef thePJlresultparameteréelectrical resistivity, seismic velocities as g rock and

air contents) are presented in Appendix B.

The%.O0n Fig. 8c ranges from 0.2 to 0.4, similar to the values observed in the laboratory, and is highi€strati&pth (~

0.35 at the borehole location) and lowest in the thaw layer (<t @@ &orehole location). Fig. 8areveal that P3stimated
"Qualues are minimakbit-differby~7-10 %from-zer9 and’Q reaches its maximum (188 %) in the thaw layer. Highe's?

(~ 22 % at the borehole location) and low€st~ 4 % at the borehole location) are encountered between 5 to 10 m depth. The
comparison of vertical 1D logs #6000 Q(Fig. 8d) andQ (Fig. 8e) at the borehole location suggests a high and positive linear
correlation betwee?dOCNd " Q(i T83-Fig—8Y), and a lower and negative correlation betw#&dCand™Q (i TR Fig:

8¢). In general, there is a good correlation between%s®@iCand low™Q and high'Q; while high%OCQorrespond also with

high™Q and low'Q, supporting our hypothesis that the phase frequency effect can be used as a proxy for the idearwhtent
indirectly temperature and water content. The main inconsistency between the three parameters can be observed between
and 115 mwhere a lowdO'CGanomaly coincides with higl®2 Within this part of the profile, we observe at the surface the
material with the finest texture (i.e., silty soil, box 2 in subpanel (5a)) with calc schists visible at the surfacethdence,
polarization parameter might be able to resolve a decrease in ice content that the PJI is not able to resolve due to the lack
sensitivity of electrical resistivity and seismic velocities to textural properties.
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Figure 8: (a-c) Calculated” 5 [for the phase of the complex resistivity imaging resultbetween 75 Hz and 0.5 Hz and visualized for
the whole tomogram for the SIP monitoring profile (between profile meter 33 and 141) and comparison with water and ice cortten
estimates from PJI results. (d) Vertical 1D logs of the’ 5 fand the ice contentand (e) water contentat the borehole location+he

3.4 Temporal changes in the SIP results

In Figure 9, we show the temporal evolution in borehole temperatures and the complex resistivity at different frequencies (0.5
7.5, 25 and 75 Hz) extracted for the borehole location at different depths. Duringehesthonitoring period, we observe

that complex resistivity results mainly follow the thermal evolution, but with distinct differences between the two years.
Freezing started in both years (2019 and 2020) in November, with the advance of the freezing front reflected in a decrease i
temperatur@nd an accelerated increase of the electrical parameters. The winter 2020/21 was much colder than 2019/20, whicl
is represented by ~ two times highier similar%.g and more than three times highefé values in January 2021 compared

to Jawuary 2020. Borehole temperaturasd” and%creached their minimum and maximum values, respectivaiween

January ang March 2021 (Y uvJXH  6.8"(j , )} —whi

{J%og @ Tmrad,%og p Ymrad,% T v mrad,%o ¢ 1 hmad). During spring 2021 (Aprilune), a steady increase

in shallow borehole temperatures lead to seasonal ice melt in the uppermost layer and a small decrease in shallow electric
parameters. An abruptdrease in subsurface temperatures at the end of June 2021 is reflected in a decrease bf,3® % in
decrease of 85 % oy and a decrease of 90 %%a . Between March and June 2020, no SIP measurements were conducted.
During summer 2021, webserve smaller shallow absol%esalues compared to the summer period in 2020, which can be

explained by a higher VWC observed in summer 2021 than in summer 2020 (i.e., Fig. 2).
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Figure 9: Comparison ofborehole temperatureswith complex resistivity results at different frequencies (0.5, 7.5, 25, 75 Hz) extracted
at borehole position in the borehole temperature sensor depths
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3.5Complex resistivity i temperature relationship

Fig. 10 presents the complex resistivity Y data extracted frorthe SIPMinversion resultsleng-the-SIPM—profilat the
borehole location for 4 frequencies and a comparison to the borehole tempef3turas(¥” * relationship is shown for two
material compositions: debris (Fig. 10a) androek (Fig. 10b) with the transition between debris and bedrock at the borehole
location estimated at a depth of 1.2 m (for further details see Appendix Bj¥Theas fitted for each frequency using a
linear model for positive temperatures and ampomential model for subzero temperatures with the coefficients of
determination obtained for the two regions and different frequencies summarized iDTakdé AppendixDEC.

For unfrozen conditions, we observe thatind absolut&ovalues are sinfar for debris and bedrock and show a linear increase
in both parameters with decreasing but still positive temperature. The increase is higheofopared t80 Additionally,

" and%ovalues are higher at 75 Hz than at 0.5 Hz (with a diffee between them gftm| andv 1 O A.A

Below the freezing point and for both material compositidnsand absolutéo increase exponentially with decreasing
temperatures, with the highest absobdéand lower’ values observed at 75 Hz cpared to 0.5 Hz. The frequency effect in
%oat -1 °C is different for debris and bedrock with a pronounced incredsgdnthe debris (310 mrad) resolved for data at
0.5 and 75 Hz. Such higkiOQeflects the expected high ice contents in winter jpisria the small to coarse blocks found at
the surface. Accordingly, we observe a modest change in the phase yalne®d) for the bedrock, where we have lower
porosity and, thus, also lower ice contents. These resultsspondo theseinreide-with-thabservations-made-inttaboratory
results in{Fig. 74, indicating that where-the%sOQs higherfor loose sedimenat subfreezing temperaturdsrthe-loose

adimen mple-compared-to-the -solid rockadanf\ddition /\We observalowe eazing/melting pointfor the bedrock

ediment.sample
In the freezethaw transition processes, hysteresis effects are often obsésvet the fieldscale as shown by Mollaret et al.
(2019) and Wu et al. (2013). In Fig. 10c we present the seasonal cycle at shallow depths (within the debris layer), where
freezing and thawing processes can be distinguishedand%oat 7.5 Hz (which represents the sensitive frequency) and for

the %cOCalculated between 0.5 and 75 Hz. Similar to the laboratory results, we also observe at-tioalédmver and

%ovalues and slighthower %OGanrd%sOQ@uring freezing (from October to January) than during thawing (from May to July)

which is related to the difference in liquid watentenfor the two processesipenfreezing—superceshngleadstoatremaining

in October/Novemberin-Januaryebruaryzan increasen"—%e.and%«0'@ccurredin JanuaryFebruarywith peak values

detected between February and May. During snow melt inMag, theé , %and%OQvalues drop abruptly with the absolute

36



phase at 7.5 Hz decreasing from 100 to 10 mrad arid@idalling below 0.25 as soon as water content increases. The zero
640 curtain effect could not be observed during the phase etasthe temporal resolution of the monitoring was too low during

this period.
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Figure 10: Temperature dependence of the complex resistivity at different frequencies (0.5. 7.5, 25 and 75 Hz) obtained freyears
SIP monitoring data extracted at borehole location for aII temperature sensor depths down to 20_m) debris (<1 2 m depth) b)
bedrock >1.2 m depth) wn for
the—(a}debns—@rst—l—Z—meters—eWre—subsu#aee}and%b%bedreeﬁ'he eemplex—resrstrvr%ydata were frtted for each frequency usrng

a linear model for positive temperatures and a exponential modelfor subzero temperatures according to equation&D1-DE4 of
Appendix DE. In (c) we show the temperatureresistivity relation, temperature-phase relation at 7.5 Hz and the temperatur@hase
frequency effect relationfor the debris for all available dates.

4 Discussion

4.1 Reliability of SIP monitoring measurement
content

We investigated the subsurface polarization properties for both seasonal aathimtak changes along a transect located in
a mountain permafrost environment in the Italian AlPar monitaing results reveal an overall increase in resistivity and

phase of the complex resistivity during the winter months. However,auicitrease is also observed at larger depths (i.e.,
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