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Abstract. We investigate the application of spectral induced polarization (SIP) monitoring to understand seasonal and annual
variations of freee-thaw processes in permafrasy, examininghe frequencylependence of 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 frequey range between 025 Hz over 3 year§.he SIP imaging resultsere interpreted in conjunction with
complementary seismandborehole datsets In particular, we investigated the phase frequency efl@@®pi.e., the change

of resistivity phase wit frequency. We observe that this paramei@ids strongly sensitive to temperature changes and
might be used as a proxy to delineate spatial and temporal changes of ice content in the subsurface, providing information nc
accessible through electaicresistivity tomography (ERT) or singfeequency IP measurements. Temporal changés @O

are validated through laboratory SIP measurements on samples from the site in controllethdmeemgeriments. We
demonstrate that SIP is capable of resgiviemporal changes in the thermal state and the ice/water ratio associated with
seasonal freezthaw processes. We investigate the consistency betwea @@bserved in field datand ground water and

ice content estimates derived from petrophysicatielling of ERT and seismic data.

1 Introduction

High-mountain environments are facing a rapid increase in air temperatures due to the amplification of the warming rate with
elevation (Pepin et al., 2015 ccelerating the rate of change of mountain permafrost systems and leading to increased
permafrost temperatures, active lagit) thickening and decreasing ice contents (e.g., Biskaborn et al., 2019; Etzelmdiller et
al. 2020; Smith et al., 2022; Wu andatty, 2010). The change in ttieermal statef the subsurface impacts slope stability

(e.g., Ravanel et al., 2017) and wagtarage capacitige.g. Harrington et al., 2018tilbich et al., 2022Mathys et al., 2022;

Rangecroft et al., 201@haking contimous temperature monitoring of the permafrost evolution in mountainous regions more
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and more important, i.e. as part of global (Global Terrestrial Network of Permafrost, GTNP), continental (Permafrost and
Climate in Europe, PACE project) and regional (saslihe Swiss Permafrost Monitoring Network) monitoring programmes
(e.g., Biskaborn et al., 2015; Harris et al., 2001; PERMOS, 2021).

Electrical resistivity tomography (ERT) is known to provide higholution spatial estimategabeutsubsurface electrical
properties sensitive to variations in temperature and water content, complementing spatially sparse borehole monitorinc
observations (e.g., Hauck, 2002; Hauck et24113; Krautblatter et al., 2010; Oldenborger and LeBlanc 201&H@anenko,

1982). Hence, in the last decades electrical monitoring arrays were set up at several permafrost sites throughout differer
European mountain ranges to assess the temporal evolution of subsurface properties and processes relevant for permafr
investigations (e.g., Etzelmuller et al. 2020; Hauck, 2002; Hilbich et al, 288i8&en et al., 201Keuschnig et al. 2017;
Krautblatter & Hauck, 2007; Mollaret et al., 2019; Pogliotti et al., 2014; Supper et al., 2014). In unfrozen conditions,
comparatiely low resistivity values are observed due to electrolytic conduction taking place within the interconnected pore
space and along the electrical double layer (EDL) formed at the interface between water and mineral surfaces (e.g., Revil an
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 exponential increase of the electrical resistivity wisindecrea
temperatures (e.gHauck, 2002; Oldenborger and LeBlanc, 2018, Oldenborger)2B2ditionally, repeated electrical
resistivity surveys were used to estimate relative changes in unfrozen water gWwéeht(Hauck, 2002; Hilbich et al., 2008;
Oldenborger and LeBlanc, 201 8hat is the fraction of water remaining unfrozen below the freezing point even at relatively

low temperatures.

Nonetheless, the interpretation of electrical signatimeterms of ice, air and rockisare still open to discussion and
uncertainties remaifHauck and Kneisel, 2008)at are often reduced by combining ERT investigations with complementary
geophysical methods such as Refraction Seismic Tomography (RST) due to its sensitivity to changesinahpaperties
between unfrozen and frozen materials (e.g., Hausmann et al., 2007; Hilbich, 2010; Mollaret et al., 2020; Steinett al., 202
Seismic and electrical data sets were combined in various studies to estimate volumetric ice, wateomtettsiusing the
so-called 4phase model (4PM) approach (by Hauck et al., 2011). The 4PM has been implemented in a petrophysical joint
inversion (PJI) framework for a simultaneous inversion of geophysical datasets (Wagner et al., 2019). Howevemdbe prese
of ice and the electrical double layer (EDL) formed at the wiatemterface requires the consideration of surface conduction
(e.g.,Bullemer and Riehl 196&arantl and Illingworth 1982vhich has not yet been implemented in the PJI

To account foisurface conduction, the induced polarization (IP), also known as complex resistivity method has been tested
for permafrost applications (e.g., Doetsch et al., 28Hzjn et al., 2019Duvillard et al., 2018, 2021). Expressed in terms of

the complex resivity, the real component relates to the resistivity measured through ERT, while the imaginary component
relates to surface conductivity arisiegy.from the accumulation and polarization of charges at the EDL formed in the ice
water or rockwater interbce as well as protonic defects in ice surfaghile IP measurementaretypically collectedin a

frequency rangbetween 0.1 to 1000 Hin the secalled spectral IP, SIR).esmes and Frye, 20Qlthe measurement of the
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full ice relaxation process regas the use of the highequency IP (HFIP) with frequencies up to 100 kHEIP field
measurement@rzyklenk et al., 2016have revealed an improved delineation of the ground ice content as shown in Mudler
et al. (2022). The enhanced polarization respofseater iceat high frequencies is due to the motion of charge defects in the
hydrogenbonded ice lattice dominant at frequencies between 4 and 11 kHz for pure ice (Auty and Cold,HE9é@)ection

of high-frequency IP data remains challenging due to electromagnetic coupling effects, e.g., arising due to current leakage
associated to the high impedance of soil, electrodes and ¢algeBinley et al. 2005; Flores Orozco et al., 2018; Ingeman
Nielsen 2006; Kemna et al. 201®yang and Slater, 201Zimmerman et al., 2008)or lower frequencies, Kemna et al.
(20148) and Reuvil et al. (2019) attributed the SIP freezing/thawing behaviour in saturated rocks to both residual water films
(bound water) at #hice and mineral surfaces, as well as the presence of water in smaller pores with a sufficiently reduced
melting point as governed by the Gibblsomson effect.

Duvillard et al. (2021) applied a petrophysical model calibrated through laboratory dagatiéyghe temperature distribution

of a permafrostffected rock ridge from timdomain IP databudier—etal—(2022)-estimated-the-ice—contentebtained from

Hdaierhofe et al. (2022)
showed that SIP data reduce the ambiguity in the interpretation of electrical resistivity data in a talasghiged mountain
permafrost landfornconsisting otoarse block andheterogeneously distributed ground ice conteritey slow that icerich
blocky material, unfrozen coarse blocky environments and bedrock (unfrozen and frozen) can result in similarly high resistivi
values butcan be distinguisheloly distinctIP responses. Moreover, they demonstrate thaidbeareas arassociated with a
significant increase in the IP response for data collected above H3diso+reported-by-Grimm-and-Stilman-20TE)mm
and Stillman (2015) found temperatudependent relationships between the ice volume fraction and the resfstigitgncy

effect (RFE)(see e.g. Vinegar and Waxman, 198#}he laboratory anevere able to estimate ice volumasa frozen silt

permafrost siteMudler et al. (2022) estimated the ice content obtained from broadband SIP inversion results conducted at

permafrost site in SiberiaBy fitting a two-component Cokole model to the SIP data, either for single laboratory

measurements (Limbrock and Kemna, 2022) or within[@ idversion for fielddata, Mudler et al. (2022) separated the

different polarizathn responses and estimated subsurface ice content using an existitmtpanent complex resistivity

model of frozen soil considering the ice relaxation as the dominant prétessver, such broadband spectral induced

polarization measurement device .(i.the Chamelec used in the study of Mudler et al., 2022hat suited for extensive

mapping andstil-net-suited-formonitoring studiesa
Considering that fiekSIP devices are oftelimited in the frequency rangenddo not capture the ice relaxation peak, we

esented here

cannot use petrophysical models linking relaxation parameters and ice content nor the fitting@dl€ glarameters.

Laboratory studies have investigated SIP responses in a frequency range between 0.01 Hz and 40 kHz during freezing/thawir
periods observed on various types of porous media (e.g., sandstone, granite, soil and sands) within a temperaturagange varyi
between-15 °C and +20 °C (e.g., Coperey et al., 2019; Kemna et al.ag20idbrockand Kemna2022 Olhoeft, 1977; Revil
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et al., 2019; Stillman et al., 2010; Wu et al., 2017). However, SIP signals of natural permafrost soils and rocks dwring free
thaw cycle have rarely been explored. Doetsch et al. (2015) presented IP monitoring data acquired in the Arctic for a period
of 4 months during freezing of the ground and hypothesize that changes iC@elparameters obtained from tikdemain

IP (TDIP) timelap<e inversions can reliably image freezing patterns. However, in their study, they did not measure the actual
frequencydependence of the IP response, but rather assumed a predefined relaxation model to explain the decay curve in TDI
data. To our knowledgéhere have been no studies investigating the changes in the fregepecyence of the IP signatures

(i.e., SIP signatures) due to subsurface seasonal freezing and thawing processes as well as processes orskalgsr time
Such investigations are impant to extend petrophysical models such as the 4PM and PJI to improve ice content estimations
taking into accounthe effectof surface conductivity anids spatial and temporatariablity.

In this study, we apply the SIP imaging method in a high n@aigermafrost terrain in the Italian Alps, where légagn

borehole temperature and meteorological data are available for validation (Pogliotti et al., 2015). In particular, gaténvesti

the frequency dependence of the imaging results covering a fgquerge between 0.1 and 75 Hz for seasonal and annual
variations along three yea®P monitoring period. We hypothesize ttltae frequency dependencelf resolves temporal
changes in the thermal stasmd the ice/water ratio of bedrock permafrost tredactive layer (changes attributed to seasonal
freezing and thawing processes). We propose the use of the phase fyesfiesi¢%. OXthe difference in phase between

high and low frequencies) as a proxy describing SIP responses without the necessity of fitting a relaxation model (e.g., the

Cole-Cole). THence e approach presented hered-the%e"O'Parametersuggestanight be applicable to oth@ermafrost
monitoring studies and surveys conducted with electrical devices available at the boatdkeited in the frequency range

or-e mnlae the DDNANDN nd the aotom-me ameaent de a rvhicimlbent 1P me amen hatwoan O d 30
O P v NG =E201t0 aSHY cey B e Rl aSHY petw U-2-a

Hz). We demonstrate that such frequemdfect can be used to evaluate seasonal changes in measured and estimated
volumetric water conterfiy WC) andUWC as well as PJtlerived ice content at one time instancebdratory results are used

to evaluateour 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) at anmal tit
Bianche plateau is dominated by garnetiferous mica schistssdailts and amphibolites with a deeply weathered and
fracturedbedrock surfaceThe bedroclsurface is coveredith a layer of finegrained to coarse blocky debris deposits with a
thickness ranging from a few centimeters to a couple of meters (Pogliotti et al., 2015). Gelifluctiomwhabless a type of
masswastirg, and sorted polygons of fine material indicate the presence of permafrost, which was first recognized in 1990
(Guglielmin and Vannuzzo, 1995Permafrost monitoring activities started in the late 1990s and the site was consecutively
instrumented between 2004 and 2006 by the Environmental Protection Agency of Aosta Valley (ARPA VdA). Temperature

4



measurements are conducted at different deptlasshallow borehole (SBH, reaching a depth of 7 m) and deep borehole
(DBH, reaching a depth of 42 m) as well as a spatial grid of ground surface temperature loggers. An automatic weather statio
continuously monitors air temperature, soil moisture, neatiat, snow depth plus wind speed and direction (Pogliotti et al.,
2015;Pellet 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 (shallow borehole (SBH) and deep borehole (DBH@nd meteorological sens@(MD) positions
indicated. SIP data were collected along seven profiles: the SIP monitoring profi{&IPM), the SIP profiles C1-C5 collected for a
spatial characterization of the 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 layepanel 1 The satellite background image irpanel 3is overlain by an orthophoto
of the survey area including contour lines derived from the digital elevation model (ARPA)
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In addition to the thermal and meteorological monitoring, annual ERT and RST (refraction seismic tomography) measurements
are colleatd since 2013 to observe loteym 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
decraase from August 2013 and 2017 along the entire ERT/RST monitoring pitfilestimated maximum ice contents of
around 25 %Mollaret et al, 2020.

2.2 Ground temperatures and meteorological data

During the SIP monitoring period between September 20dSaptember 2022, a mean annual air temperature (MAAT) of
about-2.3 °C and mean annual precipitation of about 1200 mhwsgre measured at the site. Strong winds contribute to the
spatially changing snow cover thickness at the site with less snow récatr@&BH compared to the DBH (Pogliotti et al.,
2015), with a snow cover duration of ~260 days per year withirStRemonitoring period(i.e., Fig. 2a) The borehole
temperature data indicate that the permafrost is at least 42 m thick (max. depth afddBRywn in Fig. 2) with permafrost
temperatures that vary betwedr3 and-1 °C (at 10 m depth, DBH) during the three years. Table 1 summarizes active layer
thickness (ALT) evolution for the two boreholes with highest values measured in October 20@@estd/alues reported in
October 2021. The observed spatial variability of the ALT between the two boreholes (i.e., ~2.5 m difference in ALT between
SBH and DBH in 2021) can most likely be attributed to different ice/water contents due to differece smdasubsurface

conditions in terms of weathering and fracturing of the bedrock (Pogliotti et al., 2015).



»
N

n w

o o

- 3
=

=
o

ground volumetric
water content (%)

0 L |

A2 A ® O o O S O o O Q'ﬂ' qul 0‘1’?« qul Qfﬂ«
()'3"2’ \‘\’(1'Q Q\n’ Q’bn’ Q‘J’(L Q’\‘rL ch'q’ \’\‘Q’Q Q’\‘(L Q"b’(L 0‘3’7’ Q’l’q' Q‘b‘r)’ \\’79 Q’\n’ Q’bn’ Q‘D’q’ Q’\n’ chn'

N

=
g j
5 |
e 0
o | 1 1 1 1 1 1 | | | | 1 | 1 | 1 1 1 ]
IO TR\ AT SN\ TN\ O AP A AN AN AR AN L LSO L Ll
g‘b’q’o .\\‘(LQ Q\’qp Q’b’q’g Q‘Jﬂp I\ a9 Q‘bﬂp '\\_rLQ Q’\”L0 Q’B’qp 06’7’0 Q’\’qp Q‘b’qp .\\’7’0 Q\’q’g g’b’qp Q‘fqp ol a9 Qo."qp

(b)| £
- 5
a
8 ~
5 L ! | I L 1 1 | I L | | | | 1 ©
! ()
H 0 %
2 2
o~ E
£ 2
£4
& -5
o°
-6
8 1 1 ! 1 L ! | 1 ! L | 1 I I ! 1 o

o \) Q N Q N Q Q A A A A A A % 2 35 A %
T AT (I A A g (a8 a8 (a8 2 2 T ot (AT (I o A o oS

Figure 2: (a) Ground volumetric water content measured at a depth of 20 cm andnow height measured & the position of the
meteorological sensorand (b) borehole temperatures of the DBH and SBH for the SIP monitoring period between October 2019
and November 2022.

165
Seasonal variations in borehole temperature are consistent and correlate with air teejpeagtr content and snow height.
From Fig. 2, it is seen that the surface was covered by snow for about 260 days a year and with larger average snow heights
winter 2019/20 (0.9 m) compared to 2020/21 (260 days, 0.5 m) and 2021/22 (190 days, Q2 to)tHe reduced insulating
effect of relatively low snow height (e,&Zzhang, 2005 borehole temperatures reached lowest values in winter 2021/22. The
170 highest air/surface temperatures were recorded in summer(8628hown) And borehole temperaturesene highest in
summer 202Zdue to earlier snowmeltPDuring the monitoring period under investigation, the behavior of the VWC is

characterized by a steady minimum throughout the wiré&t.§ %) followed by a strong increase at the beginning of the
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summe period (~ 20 %) due to snow melt (Fig 2 and Pellet et al., 2016). The highest variability of VWC can be observed

during summer when precipitatioggsums-ardigh.

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 inducedpolarization 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
which isbased on measurements of the electrical impedi#watean be performed in the timer frequency domain. When
conducted in the frequency domain (as in our stugkg electrodes arased to inject sinusoidal current into the grouadd

a second pair msares the resultaphaseshiftedvoltage. The impedances is then given as the amplitude ratio and phase

shift between the measured voltage and the injected current. When performed at different frequencies ik e rarde,
commonlyreferred to as spectral IP (SIfformation onthe frequency dependence of tectrical propertiess gained
Multi-electrode measurements, in combination with inversion algorifergs Binley and Kemna, 2005)ermit to resolve

for variaions of the complex electrical resistivity* (or its inverse, the complex electrical conductivity ) in the
subsurface (e.g., Kemna et al. 2012). The complex resistivity camitben asits magnitudes’ 7 s (gqm) and phas:
(%9 (rad) orexpressedn terms ofthereal’(17 ) (gm) and J magigqmar ¢ omp o(e.g,Binlsy,ands u c h
Slater, 2020; Wait, 1984)

. ”Z —| ” W 'Q W sy z 1 g) , (1)
1 s M) "1 ,and )
%ol AOA &AL , (3)

wherg representshe angular frequency ( ¢“ "OCQthe excitation frequeneyerlow-frequencies—<-1Hz) and’Gs the
imaginary unit @ p). The realand imaginarycomponerg of the complex resistivitgccount for energy loss associated

with conductionand energy storage associated with polarization (capacitive property). In natural media, with a negligible
amount of electronic conductors, conduction takes place in the porthfloidjh the migrationfaons (electrolytic conduction,

» ) and within the electrical double layer (EDL) present at the interface between grains and electrolyte (surface conduction,
» & (e.g. Schwarz, 1962; Leroy et al., 2008). The EDL results from the attraction oégonstby charged mineral surfaces,

depending on surface charge and surface area. In the presence of an external electric field, charges in the EDL {tiigrize resu

10
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in the polarization effect (measured by the imaginary component of complex condugbtefigiccordingly, for frequencies

nz

< 1 kHz, the complex conductivity * (or
KT - E 1 . 4)

In the measured frequency band its frequency dependence can oftescbibed by the Col€ole model (Cole 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 and Slater, 2030

frequency maximum required teliably fit a dispersion model such as the CGlele, we propose here to quantify the
frequencydependence in the SIP signatures using the phase fregeecty000. Such parameter represents the difference
between théogarithms of thdow-frequency and higifrequency%oevalues over a spread foéquenciesd) and normalized by

the difference of the logarithms of the two frequeneiesording to

%300 , (5)

wherg is the lowest frequency (in Hz) and the prodiict represents the maximum frequency investigated (in Hz). Grimm
and Stillman (2015) proposed a similar analysis but they only took into account the change in electrical resistivityeaer a s

of frequencies and ignored the polarization parame¥ee(l, 3.

2.3.2 Temperature dependence of electrical properties

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

is controlled by the electrolytic conductivity of the liquid pore water and the surface conductivity, while the polaeifetion

for frequencies below 1 kHzare mainly related to electrochemic@onic) polarization in the EDL at the pore watesolid

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

by a linear relationship (Rewdnd Glovey1998, 2012; Zisser et al., 2018Yithin our analysis we usemodel by Oldenborger

(2021) for the temperature correction of the bulk electrical resistivity, wdaintbe written as:

" "o Y Y FY Y ©)

wherg andf aretemperature compensation fact@or a fluid that depends on the choice of the reference tempefature
and“Yis the temperature at whichis measuredOldenborger(2021) derived different values of Eq.6 (i.e.,|

Mgl h'Y ¢ 1N mic ki h'Y p @on Mo ¢dp h'Y 1.

Binley et al. (2010) measured the change in real and imaginary conductivity with positive teneparal reported an
approximate increase gband, a(@ 1.5 Hz) with temperature of 2 % per °C using &qOther empirical formulations
modelled the temperature dependence of electrolytic conduction by an Arrfieféug. Oldenborger, 2021

Whenwater changes its phase from liquid to saliet salinity of theemainingliquid pore water phase increagesy., Hobbs,

1974; McKenzie et al., 2007A.bove the eutectic temperatuie., the temperature where water starts to crystalizéoelov

11
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the freezing temperature, ionic exclusieads to remaining salt within the pore weeeg., Coperey et al., 2019; Oldenborger
and LeBlanc, 2018; Revil et al., 2018)danincreagin fluid conductivity.Duringice formation the decrease in wateontent

with temperature is gradual and follows a freezing curve (or thawing curlkeje-no-supezoolingispreser(e.g., McKenzie

et al., 2007). The saline unfrozen watecomposed ofesidual water filmsi(e., bound water) at the ice and mineraifaces
andwater in smaller pores with 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 modebf 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 and characteristic temperature. Similar resisiviperature models were used to account
for the temperature dependence of the electrical resistivity upon freezing for geophysical investigations in permafrost terra
(Oldenborger and LeBlanc 2018; Oldenborger, 2021).

2.3.3 Prediction of unfrozen water content and volumetric water content from petrophysical relationships

The distribution of subsurface electrical resistivity depends on soil properties such as satittituid resistivity () or
conductivity (, ) porosity ( ) and surface conduction () (e.g.,Lesmes and Frye, 20pwhich can be written as:
Y, (7)

whered is defined as the cementation exporemdé 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 budenvelbped fracture

network) to around 5 (for rocks with a low connectedness of tree gt fracture networkjs{over, 2009.

Neglecting surface conduction, Oldenborger (2021) computes the volumetric water ¢omtggricent)as a function of
porosity and saturatiofiY ), such as:

wwdé Yt ipmhn (8)

with saturation biag resolved from ERT data using tfalowing relationship:

Yi= — (9)

Within our study, we used the same value (i.e., 1@&) for the pore water resistivit{/ ) 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 assuming ¢8n Eq. 9,” is the temperatureorrectedoulk electrical resistivityat 0.5 Hzof Eqg.6. Upon freezing,

"Y decreases arid increases due to ionic exclusion and estimates of the unfrozen water €¥ntehich is the fraction of
water remaining unfrozen evenratatively-lowtemperaturebelow 0 °C can be derived bybaniels et al., 1976

Y — , (20

with ™ being the resistivitpf frozen and’  of unfrozen material for which it is assumed that the pore space was completely

saturated prior to freezing  p). Using an exponential relationship for subfreezing temperatures,

12
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Hauck (2002) and Oldenborger and LeBlanc (2018) derived estimates of the unfrozen water content as follows

oA/, (12)

with the caistantcbeing 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 (shis|ded) cable
resulting in a profile length of 189 m was permanently installed in October 2019 at the Cime Bianche 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 toigh electrical conductivigieectronic-conductianT he position of the profile aimed at covering different

surface chracteristics, namely fingrained, coarsblocky areas and parts dominated by bedrock outcrops found along the
study area towards the understanding of sgatigporal SIP imaging results associated to different substrates durig{Pthe
monitoring period.

Measurements were conducted with an edtannel data acquisition system (DASmanufactured by MuHPhase
Technologies). The configuration protocols consisted of digigele (DD) and multiple gradient (MG) arrays and deployed
coaxial cables to redeccrosgtalking (e.g., Flores Orozco et al., 2013). During 818 monitoring period, between October

2019 and August 2022, SIP data were colleattl2 different frequencies in the range between223 Hz using a DD
configuration with dipole lengths df2 m (skip3) as normal and reciprocal (N&R) pairs for the quantification of data error
(e.g., LaBrecque et al., 1996; Flofesozco et al., 2012; Slater et al., 2000) yielding a total number of 1474 quadrupoles (Table
A, Appendix). The MG configuration vgadeployed with a total number of 744 quadrupoles using 4 potential dipole lengths
of 3 m, 6 m, 9 m and 12 m within the current dipole in order to collect data sets with a highetosigisé ratio (e.gDahlin

& Zhou 200§ compared to the DD configuran. These MG setupperformed betteduring the winter period (between
November and Junedspoor galvanic contact between electrodes and the ground (also called contact resistandeow

current densities injectdd frozen terrain covered by swmpdeterioragd the quality of the DD measuremeniidean current
injections (@ varied between 0.2L5 mA throughout the whole SIP monitoring period and are listed for every measurement
date inTable Ain the Appendix

'Y were recorded before each datguisition with observed mean values betweed 200 kY and .Y vdlleewetei g h e
measured in the coarbdocky part with observed values of-800 kY i n t he s urmer KkpYeriino dt haen
months. Lowest values weobservedor electrodes located in the figgained part of the profileith 'Y valuesbetween 5

20 kY in summe®0ak¥d betweerne#dD

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

2019; Maierhofer et al., 2022), to ensure comparable 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 20di9eand Oct
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2021), to capture seasonal and annual changes in the polarization response. However, inaccessibility to the study area duril
the COVID-19 Pandemic and technical problems lead to gaps in the SIP monitoring data in December 2019 and December
2020, as wll as to the period between March and June 2020. In addition to the monthly measurements, we collected anothe

endof-summer dataset in August 2022.

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

We processed DDnal MG data for every frequency and monitoring date independently, following the automated processing
procedure presented in Fig. 3. For all DD data sets, we removed as erroneous readingsutesrsgated toY > 200 kY
(are considered as open cirguind/or negative impedance magnitudie\(alues, as well as positive impedance phase values

(%9y. In case of DD measurements, outliers were identified (and removed) as those quadrupoles for which the misfit betweer
normal and reciprocal impedance magdé @ ¢ and phase ) %o readings was larger than 50% of the average value

(& Mo ) and larger than twice the standard deviation of the N&R misfit of the entire data set, similar to Maierhofer et al.
(2022). For MG surveys, where no reciproaase measured, we developed an analysis scheme for data quality that considers
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 tHar words, we removed isolated readings based on plots from phase
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 independedata sets, we analysed the temporal evolution of the number of quadrupoles for each
frequency. This is needed to warranty that imaging results obtained from different times are related to similar resgution. D

to the high number of outliers detectent fvinter measurements (up to 80% for 75 Hz), we did not systematically remove
unrepeated quadrupoles for the enBIE monitoring period. We performed analysis for detailed processes: (1) the thawing of
the active layer during the summer period (Jun@®ttober 2020), and (2) the intannual changes based on summer
measurements (August 2020, 2021 and 2022). For those two specific analyses, only repeated quadrupoles were used f
inversion.

Forthe quantification of data error in the inversioe usedhlinear model describing the uncenty in impedance magnitude

(i & )as afunction of & , (i.e., LaBrecque et al1996)

i & O W (14)

with parameters andb denoted as the absolut®)(and the relative ) error.
o | AAYOh (15)

@ prmoA. (16)

For the quantification of data error filme impedance phase readings, we applied a corsgawrr model (i.e., no dependence

on the impedance magnitude or phase values), obtairied@®%s ) (mrad)similar to the approach [Slater and Binley2006)
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The N&R analysis revealasignificant increasef 30-50 % in the error parametdise.,aandb) for thewinter measurements

demonstratindower S/Nin winter, which are expected to resuit-anehigher uncertainties in thenaging results obtained

for measurements between Januaryldag. Different SIP monitoring studieg(g., Lesparre et @017 FloresOrozco et al.,
2019) use the same error parameters for the inversion of the entire monitoringapsuiming that this permits the comparison
330 of imaging results obtained with the same level of contrasts, i.e., sensitigityever, such an approach assanfairly
consistent S/N across the monitoring data Aetordingly, within our analysisassuming thesame error parameters for the
entire SIP monitoring periodlead to eithemundefrfitting the readings in summedassuming the error level from winter
measirements)or overfitting the winter data when inverted to the error parameters observed in summer measurements.
Hence, we define error parameters for each data set collected at different times and frequencies, which also considers tt
335 frequencydependene observed in our dateith higher misfits detected for higher frequencies compared to lower frequencies
(similar to FloresOrozco et al.2011). Additionally, we usedthe same error parameters for DD and MG data, since error
models allow the use of theraa error parameters for configurations where no reciprocals are available.
For the inversion of the SIP data, we used the figiéenent smoothnesonstraint inversion code CRTomo (Kemna, 2000),
which computes the distribution of the complex resistivityhe subsurface from a given data set of impedance magnitude
340 and phase values at a distinct frequency. atar estimates are defined in the inversion and permit to fit the observed data
within its noise level, which is defined laythe error model (Kema, 2000). The iteration is stopped if the RMS difference
between model response and datdch includes a normalization of the individual misfitg the error taken from the error
modelreaches a value below its target value of 1, after which smoothawgis increased until the RMS value is equal to 1
(within a tolerance interval). The inversions converge to the target value fitting the observed data within their estiseated n
345 level for the smoothest possible model.
To assess the reliability of theomitoring inversion results, especially regarding the resolved electrical properties at depth, we
make use of the depth of investigation (DOI) index, introduced by Oldenburg and Li (18998 is based on twaD

inversions of the data set using differgatuesof the reference complex resistivity modkl our analysis, we calculated the

DOI value for a model cell given lydex-forresistivity-and-phase-images ot -ardé—eiiforall-frequenciesis
350 00 G I

(174)

wherawith—constant—reference—models- af prTilith vi OAK the first reference modeland—a

pmmni h x d OAsithe second reference modeel, ¢hx andd  aftr _are the model cell resistivity and phase values

from the first andsecond inversiarDOI valuesare computedor resistivity and phase images and applied separately to the

corresponding image$Ve chose the values of the reference models as mean minimum and maximum resistivity and phase
355 values observed in all SIP imag&¥e blank model regions with large DOI values (i.e., > 0.2 as proposed by Oldenburg and

Li, 1999) in all imaging result®r all frequenciepresented in this study.
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Figure 3: Work flow of SIP data processing for the monitoring data set at Cime Bianche, Cervinia.
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2.4 Complementarygeophysicaldatasets

In September 2019, we collected ERT data along five profiles C1, C2, C3, C4 and C5, (kgnd)the DASL device with

a DD cafiguration with dipole lengths of 12 m (sk8). For profiles C2, C3 and C5, 32 electrodes and a separation of 4 m
365 wereaschosen, whereas profiles C1 (prolongation of the ERT/RST monitoring profile) and C4 consist of 64 electratles and

2 m separation. Data quality was evaluated by means of N&R analysis and the inversion of the resistivity data at 0.5 Hz wa:

performed in 3D using the modules of the ogenrce library pyGIMLI Riicker et al., 2007 We used mean error parameters

(6x0.1q ,6=5 %)from N&R analysis for the inversion of the ERT data sets to fit all data to the same error level enabling a

better comparison of the mutimensional (different profiles and frequencies) inversion results similar to Lesparre et al.
370 (2017).
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Refraction seismic tomography (RST) measurements 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 oventa In total, 36 receiver and 14 shot 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 seisnmaveg with hit points between every second 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 oenrce library formikoj(Steinerand Flores Oroz¢a2023 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 idlependent inversion of the pickedwMave 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 byghér et al. (2019) to quantify the four volumetric fractions of 'ie (vater {Q),

air ('Q and rock matrix™Q), based on the filtered apparent resistivity values and pickedv@ travel times. We used the
sameporosity and seismic velogivduesasin Mollaret et al(2020) i.e. aninitial porosityof 40 %andconstituent velocities

(b ) of 1500 m/s for pore water, 3750 m/s for ice, 4000 m/s for the rock matrix and 330 m/s for air. We accounted for surface

conductivity in addition to electrolytic conduction by

tested inveri®ns withuseda surface conductivity range between 0.001 and 0.01 S/m (based on laboratory studies on pure ice
(Bullemer and Riehl 1966; Carantl and lllingworth 1982) and rock samples under freezing conditions (Coperey et al., 2019))
and chose a final cotat value across the imaging plane of 0.01 S/m as it resulted in the lowsguah...). A 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, whiclesulted in an erreweighted... fit of 1.0. The final PJI results are presented in Apperalix

2.5 Complementary SIP laboratory data

Laboratory measurements were performed on a cylindrical solid rock sample of 10 cm length and 3 cm diameter ofamphibolit
(with a porosity of 3.5 %) and a loose sediment surface sample, both collected close to the SIP monitoring profilaiddie elect
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.QEF8¥rfjis purpose,

diluted ap water was used to obtain an electrolyte with a distribution of ions that resembles realistic field conditions.
Afterwards, the samplassealed in a shrinking tube, and placed in a climate chamber where it was cooled down from +20°C
to -40°C by succesgely changing the temperature in steps of 0.24CC 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 thermadjuilibrium. Afterone freezing cyclethe samples were heated up again following the same

19



405

410

415

420

temperature procedure. For potential measurements, we used ring electrodes made out of tinned copper with a distance of

cmand plate electrodes made out of staslsteel for current injectioiThe loose sediment sample was saturated up to a

volumetric 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 ebelet separation of 6 crRotential electrodes were made out of copper and

current electrodesut of bronzeDue to the increased sample size, the duration of each temperature step was increased by 60

minutes.During freezing we had to ensure a direcbntactof the potential electrodes arkde measured sample, hence,

investigations concernirgpssible sources of error arising due to the contact between potential electratiesesteld sample

(e.qg., Wang and Slater, 2019) amnbere out of scope of ithstudy

3 Results
3.1 Site characterization

In Fig. 4, we present 3D electrical resistivity results as slices extracted at different depths parallel to the surface obtained from
the 3D inversion of the five ERT profiles (€25) collected in September 9. Fig. 4 shows lower electrical resistivity values

in the shallow subsurface (04 m depth) than for deeper layers (> 5 m depth), with slightly lower values observed in the
western compared to the eastern part of the study area. The thickness of-thsistive surface layer (inflection point in
electrical resistivity) is slightly overestimated compared to the thaw depth measured in the boreholes at the date of the
geophysical measurementsid. 4g) most likely due to the smoothing in the inversionwielectrical resistivity values (<

8000mn) ) are observed in the northern and the cemtedtern part of the study area for all depths; whereas the highest
electrical resistivity valueg- 30000nj ) are observed at > 5 m depth in the centahtraleastern and centrabuthern parts

of the study area. Between 6 and 20 m depth we observe no strong resistivity changes associated to the permafrost body.
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Figure 4: Spatial characterization of the Cime Bianche monitoringsite based onthe 3D electrical resistivity inversion results from

five profiles collected in September 2020 (dotted black lines). Panelsfayepresent slices parallel to the surface in six different
depths. The borehole location of the SBH and the DBHre marked and white contour lines represent the surface elevatiomhe
coordinates of the SIP monitoring profile are shown in addition (dotted grey line), but these data were not used for invensidue to

a differing measurement date (October 2020Pand g) representsthe resistivity-depth profiles at the location of the two boreholes

with the measured thaw depth(dashed lines)nd the inflection point in the resistivity data(dots).

The baseline SIP imaging reswdisng the permanent SIP monitoring fileoof October 2019 are presented in Fig. 5 expressed
in terms of the phasés§, 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 (for and%y, we observe naignificart varation in” with increasing frequency for the whole
imaging plane. Similar to the results shown in Maierhofer et al. (2022), ab%olated%o.values are higher for 75 Hz
(hereafter aeamd%o ) than for 0.5 Hz'( geeand%og). Comparatively bw values are resolved at depths < 4 m’fgree

" eeand%e and <5 mfofkeg, which can be related to them thickthaw layer composed of fine coarsegrained material
(see the surface characteristics shown in Fig. Ba.thaw layeis uncerlain by a higkresistivity layer with high absolute
%05 and%o values which is representative for the permafrost béely. Table 2) The contrast between the two layers is

highest for’ gzaand%o .
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Figure 5: SIP baseline imaging results, corresponding to data collected in October 2019. Panel a) represents different substrate
classes, which are discussed in more detail in the Discussion Section. (b) Baseline complex resistivity model (October 20099
frequendes (0.5 Hz and 75 Hz) with the two boreholes located at the center of the profile (the SBH 20 m away, the DBH 50 m away),
and the black layer representing the thaw depth at the measurement date.

Concerning lateral changes in the SIP images, the highest electrical resistivity and absghtse-vatueare observed for

all depths between profile meter 138 and {62. within the permafrost(PR) 3 in Table 2)corresponding to the coarsest

amphibolite blocks of -2 m size found at the surface of the SIP monitoring profile (see Fig. 5a). The uppet3nosbi
profile meter 93 to 117 reveal the lowest resistivity values and absolute phase values at.g5Pz Z in Table)2along the
profile, which can be related to a thin layer of silty soil with some vegetation andréireed caleschists observed at the
surface (see Fig. 5a). The contrast to the frozen be@rdck m)is clearly visible for this part of the profile for all components
of the complex resistivity except far eand” , where we resolve a lopolarizable anomaly also at depih

i, i "I 'H’#h the northern part of the monitoring profile with intermediate grain size (between3land

m), we observe low real resistivities and absolute phase values at the geudacéhin the active layerAL) 1 in Table 2)

and at deptlie.g. PF 1 in Table Zpr 0.5 Hz and intermediate absolute phase values for 75dé¢zT{able 2

Table 2: Range of complex resistivity values observed along the SIP monitoring profil&ithin the active layer (AL) and the
permafrost body (PFYer-different-substrate-classes

Subsurface materials " ga(m " geed ) " ey ) %og | OAA %o (mrad)
AL 1 UMMTPAMATNT TTXT CTMMYTT ~5 TTXT
AL 2 OTMMTP U TTTT T YT P T TV TTTT v pT oT QT
AL 3 UNMMTpPGUTT XTTPGCT PPMTPOMT v pu PCTMGMT
PF1 QUTTPUTTT XTTpPpTT VTITIPpP QT v pT PTTIP QT
PF 2 CTTIE MMM Ympom TMTAPPTT v pu TTMPTT
PF 3 PTUTTUQTTTTLTT PTMTMOTT XPpUTT pTTPUL PCTCUT

3.2 The temperature dependence of the SIP method

Fig. 5 reveals clear variations in the polarization for different depths (i.e., temperatures) and frequencies. To bsti@adunde

the temperature dependence of the polarization response, we show in Fig. 6a the measured impedance field data (appare
resstivity magnitudée’ and phasé&. ) in the active layein a frequency range of-715 Hz between October 2019 and
November 2021 including warm (i.e., summer months July to October) and cold (i.e., winter months November to May)
periods. For comparison, Fig. 6b sha®I® laboratorydatain the same frequency rammeasured ovex thawing cycldrom

-10 °Cto +10 °C.

For both laboratory anfield data, we observe a clear distinction in the polarization response between unfrozen and frozen
states. Absolute phase values are low for positive tempergguesner morits) and show no significant frequeney

dependence; where#stemperature decreases (during winte®) observe aincrease in absolufiée valueseight times
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higherthan in unfrozen state between 1 and 75 Hus increase in absolute phdse subfreezing temperaturssarts at a
frequency of7.5 Hzfor the field data, at10 Hz for the loose sediment sample and at ~50 Hz for the solid rock sample. Thus,
the inflection point seems to change depending on the texture/ice content. Such effestrelated to the weknown
temperaturedependent relaxation behawuraf icewith its maximum in the kHz randas shown fothe full spectrum between

10 mHzand 45 kHzn AppendixB). Additionally, theincrease in absoluté valueswith increasing frequency is more
pronouncedor the loose sediment sample (45 mraell@t°C)than forthe solid rock sample (15 mrad-a0 °C), suggesting
anenhanced responsgéth increasing ice contemtAccordingly, the frequencgependence in thehpse measurements might

be used as proxy to discriminate between regions with no ice and regions richer in ice, as also observed in Maierhofer et a
(2022). Clearly, the frequency range in the SIP data needs to extend above this sensitive frequencyrregpcmds to an
inflection point between the low response (likely due to the geology) and the high values associat&tiltericamparing

the SIP monitoring and laboratory data, we find a similar bebaunthe polarization during freezing and thagicycles,
however, the increase in absolute phase is smaller for laboratory €@ mrad for the rock/sediment sample) than for
field data (35290 mrad) in the temperature range covered by both data&ets410°C observed within the active ¢ayat

our field site).
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Figure 6: (a) Temporal changes of SIP measurements between October 2019 and November 2021 (frequency rangel/®13z).
485 Impedance magnitudeexpressed in terms of its phase and magnitudednverted toapparent 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 mDifferent symbols and colors representing differenyears and months, respectivelyvariations in z.1

and” L+ _Retween summer and winter are linked to seasonal temperature variations between +10 a&l°C measured in the

borehole close to the subsurface(b) SIP laboratory measurements on a salirock sample and a loose sediment sample collected at
490 the site close to the monitoring profildor a frequency range between 1 Hz and 75 Hand temperatures between10 °C and +10 °C.

3.3 The phase frequency effect and its link to temperature, water conte and ice content estimates

Figure 6a shows that our SIP fieldtado notcapturethe peak in the frequendgpendencevhich according t@.g.Auty and

Cole (1952 would be expectebetweend and 11 kHZor pure ice,but extend above the inflection point associated to a
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sensitive frequency, where phase values increase with increasing frequency and ice content. Hence, we propose to analyze 1
phase frequency effecibdOQ presented in Equation 5. To evaluate theliagpility of such parameter, we present in Fig. 7

the lab measurements collected dukig)freezing and#b}thawing cycles in terms d@a) apparent resistivity’(  at 0.5

Hz) and for thg7b) %O(calculated between 70 and 0.5 Hz).

After saturating anduringcooling both samples from +10 °C to ~0 °C, bbdth and%sOdollow a linear trend, with values
increasing with decreasing temperature. During initial freezing, supercooled con@iignsateremaining liquidbelow is

freezing pointwith constant and%sOCralues occur between 0 °C a12B °C for the loose sediment sample, and between

0 °C and-2.8 °C for the solid rock samplenfexponentiaincrease ii (3 Enj 7J #or the sediment sample, 188y TJ #

for the rock sample) artdlO'q0.044 per °C for the sediment sample, 0.031 per °C for the rock sample) is observed below this
temperaturewhich isindicative of abrupt ice formation in the pores of the samples. During thawing- #@hC to-0.1°C

(for the loose sediment sample) respectiv@ly °C (for the solid rock sampl€), and%OQradually decrease with a
smaller average rate of change for the rock sampi@ i 7J WSt ¢ P AJD§ than for the sediment sample
(cEnj 7J B8t d AJ ¥ suggesting continuous melting of ice in the pore space.

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 poirit izet starts to form, thus, resulting in a larger amount of unfrozen
water compared to thawing processes at the same temperature (Wu et7al.Ad@itionally, we observe a lowering dfie
freezing poinbof water(from 0 °C to-2.5 °C) which can be expined by arexclusion offse-toionsbeinrgexcludedirom ice

formation and accumulating in the liquid phaseas further discussed IBittelli et al., 20@1). At subfreezing temperatures,

” and%OCraluesare generally highefor the loose sediment sample, which can be explained by a higher ice content of
the loose sediment sample compared to the solid rock satgriee, from Fig. 7 we depict a clear dependence dhdD€bn

temperature and ice content.
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Figure 7. Temperature dependence oh) the impedance magnitudeat 0.5 Hz) andb) for the™ 5 [{calculated between 70 and 0.5
Hz) measured on solid rock (solid) and loose sediment (loose) samples during freeZiblgie) and thawing (red) in the laboratory
(same experiments as shown in Fig. 6)

Fig. 8 shows the spatial variation in e&O'Gcomputed from the inversion of field data collected in August 2020 along the SIP
monitoring profile. To investigate a possible correlation witheice water content, we compare this image withg3limated
volumetricice and water content&)"Q) based orERT and RST data collected on the same day in the same profile. The
complete PJtesults(electrical resistivity, seismic velocities as wesl 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 higli@strati&pth (~

0.35 at the borehole location) and lowest in the thaw layer (< @& &brehole location). Fig. 8areveal that PJstimated
"Qualues are minimal (~I0 %) andQ reaches its maximum (188 %) in the thaw layer. Highe®¥2(~ 22 % at the borehole

location) and lowest2 (~ 4 % at the borehole location) are enstered between 5 to 10 m depth. The comparison of vertical

1D logs of%0Q"Q(Fig. 8d) andQ (Fig. 8e)extractedat the borehole locatiofiom the 2D sectionsuggests a high and

positive linear correlation betwe&OCGnd Q(i @), and a lower and negative correlation betw#&DGand™Q (i
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T@). In general, there is a good correlation between%@Cand low™Q and high'Q; while high%OQcorrespond also with

high"Q and low'Q, supporting our hypothesis thithe phase frequency effect can be used as a proxy for the ice ¢oaeht
indirectly temperature and water content. The main inconsistency between the three parameters can be observed between
and 115 m, where a le%:O'Canomaly 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 dexiiedase content that the PJI is not able to resolve due to the lack of

sensitivity of electrical resistivity and seismic velocities to textural properties.
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Figure 8: (a-c) Calculated™ 5 pfor the phase of the complexesistivity imaging resultsbetween 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 and the ice contentand (e) water contentextracted at the borehole
location_from 2D sections

3.4 Temporal changes in the SIP results

In Figure 9, we show the temporal evolution in borehole temperatures and the complex resistivity at diffemmtiéeg.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 theataio ye
Freezing started in both years (2019 and 2020) in November, with the advance of the freezing front reflected in a decrease i

temperature and an accelerated increase of the electrical parameters. The winter 2020/21 was much colder than 2019/20, whi
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is represented by ~ two times higtier similar %05 and more than three times higheféo values in January 2021 compared

to January 2020. Borehole temperatufesand%.reached their minimum and maximum values, respectietyyeen January

and March 2021 (Y U0JR 68" , %y ¢ mmrad, % p Ymrad,% T L Tmrad,% ¢ 1T TIMrad).

During spring 2021 (ApriDune), a steady increase in shallow borehole temperatures lead to seasonal ice melt in the uppermos
layer and a small decrease in shallow electrical parameters. An abrupt increase in subsurface temperatures aiuthe end of
2021 is reflected in a decrease of 30 %]jina decrease of 85 % % and a decrease of 90 %%a . Between March and

June 2020, no SIP measurements were conducted. During summer 2021, we observe smaller shallo¥é.ahkmsate
compared tahe 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 temperatures with complex resistivity results at different frequedies (0.5, 7.5, 25, 75 Hz) extracted

at borehole position in the borehole temperature sensor depths

3.5Complex resistivity i temperature relationship

Fig. 10 presents the complex resistivity X data extracted frorthe SIPMinversion results at th

32

korehole location for 4
frequencies and a comparison to the borehole temperatyrdhe ¥’ * relationship is shown for two material compositions

debris (Fig. 10a) and bedrock (Fig. 10b) with the transition between debris and bedrock at the lnmatimieestimated at
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a depth of 1.2 m (for further details see Appendix B). T¥ié was fitted for each frequency using a linear model for positive
temperatures and an exponential model for subzero temperatures with the coefficients of determtaat&ydh fob the two
regions and different frequencies summarized in TBAl®f AppendixD.

For unfrozen conditions, we observe thaand absolutéovalues are similar for debris and bedrock and show a linear increase
in both parameters with decreasinmgt still positive temperature. The increase is highel faompared t80 Additionally,

" and%ovalues are higher at 75 Hz than at 0.5 Hz (with a difference between themmf andu 1 O A A

Below the freezing point and for both material casiions,” and absolutéo. increase exponentially with decreasing
temperatures, with the highest absobdéand lower’ values observed at 75 Hz compared to 0.5 Hz. The frequency effect in
%oat -1 °C is different for debris and bedrock with a pyonced increase Bofor the debris (310 mrad) resolved for data at
0.5 and 75 Hz. Such highiOQeflects the expected high ice contents in winter periods in the small to coarse blocks found at
the surface. Accordingly, we observe a modest changeiphhse valueg (mmrad) for the bedrock, where we have lower
porosity and, thus, also lower ice contents. These remitespondo thelaboratoryresults inFig. 7,indicatingthat %s0Qs
higherfor loose sedimerdt subfreezing temperatures.

In the freezehaw transition processes, hysteresis effects are often observed also atteafeelss 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 distinguishédand%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 atsoalédimver’ and%o
values and slightlyower %0Qluring freezing (from October to January) than during thawing (from May to July) which is
related to the difference in liquid wateontentfor the two processesWhile ” , %o and %OOvalues are small in
October/Novembe an increase occurred January-ebruarywith peak values detected between February and May. During
snow melt in MayJune, the , %cand%.O'Qralues drop abruptly with the absolute phase at 7.5 Hz decreasing from 100 to 10
mrad and thé&sOJalling below 0.25 as soon as water content increases. Thewgain effect could not be observed during

the phase change as the 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 froeyears
SIP monitoring data extracted at borehole location for all temperature sensor depths down to 20: ) debris (<1.2 m depth), b)
bedrock >1.2 m deph). The data were fitted for each frequency using a linear model for positive temperatures anch &xponential
model for subzero temperatures according to equation®1-D4 of Appendix D. In (c) we show the temperatureresistivity relation,

temperature-phaserelation at 7.5 Hz and the temperaturephase frequency effect relatiorfor the debris for all available dates.

4 Discussion
4.1 Reliability of SIP monitoring measurements

We investigated the subsurface polarization properties for both seasonal afadnnirchanges along a transect located in
a mountain permafrost environment in the Italian AlPar monitoring results reveal an overall increase in resistivity and
phase of the complex resistivity during the winter months. However,auokrease is ab observed at larger depths (ize.,

10 m) whereexpectedhanges in temperature, water content and ice content areldighthhase readings in wintarepartly
dueto low current densities injectedfimzenterrain covered by snow, resulting in Iswgnalto-noiseratios (S/N) and partly

alsodueto parasitic electromagnetic fields in the measuremegvitde inductive coupling effects can be neglected in our case,
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as the high resistivity of the substrate shifts inductive coupling to higher fregaenainly affecting data in the kHz range,
parasitic capacitive coupling (PCC) need to be considered due to current leakage associated to the high impedance of so
electrodes and cabléBinley et al. 2005; Flore®rozco et al., 2018; Ingemdfielsen, 206; Kemna et al. 2012; Zimmerman

et al., 2008).Especially at frequencies100 Hz, significant phase errors occur due to PCC effects among electronic
components and wires within the instrument making the reliability of the acquired phase spectra imt d@fferstudies
uncertain (Wang and Slater, 2019). PCC effects create pathways through which leakage currents can flow from high to low
potential surfaces or conductors as described for field measurements by Dahlin and Leroux (2012)-Nigjeera(2006)
proposed an electric circuit model in order to describe the effects of electrode contact resistance and PCC on coivipfex resist
measurements and found that an increase in frequency, dipole size, contact resistane®-grovirel capacitance leads to

an increase in phase errors. Wang and Slater (2019) developed a model for the prediction of high frequency phase errors at t
lab scale and suggested a phase correction method that results in accurate SIP data up ®Bu26-kkeies-highlight-that

Nnincre e in-nh a_\, as with inera na—freaguencv-observed-within o dv-does-no om Zindi ahighice

the-quanttication-and-removal-of such-phase-errors.

To guantitatively assess the effect of a high sample resistance and PCC on SIP matsarehsxamine tHewer bound of

the exmctable errowithin our SIP_monitoring measurements, weesent in Appendix E an electric @ilit experimen{see

Fig. E1). Concerning our SIP monitoring measurements, such analysis shows that phase errorsP@a@ db the

instrumentation or cables can be neglected for frequencies between 0.1 and'fib plzase frequency effect proves to be a

stable measure with phase frequency errors smaller than 4 % for resistan€edot the laboratory and the field dees.

However, if sample resistances excee@ , as could be the case for winter measurements, phase errors increase leading to a
high data uncertaintiNonetheless, freezilaw transitions are wetksolved andeveal consistergeasonal trendé&ence, our

analysis focuses on the summer period as well as the freezing and thawing period. For a detailed interpretation of winter SlI

measurements, future studies should considerdhectiosimulationof the effect of high contact impedances ofrent and

potential electrodesahi 6) At frequencies

above 100 Hz, phase values strongly deviate from the theoretical re$penseg. E1) highlighting the need for correoti

methods such garoposedoy Pelton et al. (1978), Zimmermann et (1008), Huismann et al2016 andWang and Slater

(2019).Such studies highlight that an increase in phase values with increasing frequency observed within our study does no

automatially indicate a high ice content; but can also be related to PCC effects. Accurate SIP measurements at high

frequencies are needed in order to extend the information on polarization mechanisms at high frequencies such as th

polarization of ice, thus, cates to be taken in the quantification and removal of such phase errors.
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4.2 Temporalvariability of the phase frequency effect and unfrozen water content

Our results suggest a correlation between ice content and the increase in the fregpencence of the polarization, in
particular the resistivity phase valuésolov (1973 showedhat the electrical properties of the frozen soil are determined by
the specific surface area of the soil, the ice and unfrozen water content. Riguitkistrates how thé. OCGhanges as a
675 function of time and depth at the borehole locatidth a conparisonto volumetric water content (VWQ)L2b) andthe
unfrozen water contentWC) (12c) variations during freezthaw processes.
As discussed above, tBe"OGhows up to 3 times highevaluesthan those fothe summer period due to thégh sample
redstance leading to high phase errors and hedeta uncertaintyin winter measurementsNonetheless, freezbaw
transitions are weltesolved andeveal consistergeasonal trends for the paramefa™®©0O/WC and UWC as observed in Fig
680 12. Supercoolig leads ta higher unfrozen/volumetric water content and lo%&£©©ompared with thawing processes at the
same temperatur@s depicted in FidZ) with differences ofo @ w6 @b andw %."O0TY Uor the two processdse., Fig.
12). During the freezing perioth 2019 measuredVWC is high until January 2020measured/WC=18%), while in the

subsequent years water contents drop to their yearly minimum (\8&Ealready in November. Th& O®llows the same

trend. The drop in wat content due to ice formation is always accompanied by an increegaiOBimilar to our study,
685 Wou et al. 2017) observed an increase in phase at 1 Hz betw2eand-4 °C in saline permafrost, which they relate to
supercooling effects and theitiation of ice nucleation. In spring (beginning of July 2020/ end of June 2021), the shallow

%0 O®@alues decrease abruptty ¢ ®@P ) as soon as VWC increases to its maximum3Q%).In latesummerand autumn
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we observe a steady decrease in watertent and increase in phase frequency effect, @dtireasinguir and subsurface
temperatures.

Although measured VWC and those derived fronshow similar trends and lie in the same range, we observe wetter
conditions at the beginning of snow metich only affecthe measured VWC. This can be attributed to the different volumes

of investigation from electrical measurements andrikstu sensor, as well as possible inaccuracies in the calibration of the

petrophysical model. Additionally, water conteestimatesanbe improved by taking into account surface conductivity from

senduetiviteWithin dime-domain inducegbolarization (TDIP) measuremerisnvillard-et-al{(2018performeda-3b-survey
at a rock glacier in FrancBuvillard et al (2018)established a relationshipaed-analtyzed-the-slope-ofthe-trend-in-rormalized

tho naramatarqe and 0/ ~an alea ha 1iead ac annravimatinne 6 yindarctand tha famnharal vy iatigne in ciirfa ce

nomalized chargeability, which is an average value that accounts for the polarization over the froqnemaggith recovered

through the sampling of the deeayrve. Accordingly T DIP data collecteéh-time-domainwith long pulses (1 s and 1.5&)

esentd-inthe-studies-of Duvillard-et-al{2018)-and Duvillard-et 2020 - will relate ratherto processes taking placethe

solid-fluid EDL (as observed in our case <7.5 Hz) and not to the polarization of ice obseouedab and field measurements

athigher frequenciedWenote-here-thahe imaginary conductivitgt different frequencieis considere@sa direct measure

of surface conductivitye.g., Binley and Slater, 202ahus,the parametersn _and%.can also be used as approximations to
undestandthe-spatietemperalvariations in surface conductivitilence,to account for the surface conductivity of i&P

data andhe representation of th&P %."O©ould therefore help to asseswmnges in theurface conductivitaccompanying

temperature changes atwldelineate spatial changeswater and ice conterih monitoring and mapping applicatioas
i 022)

38



in 0.2 m depth

*14m
*15m

—+06m = 36m
+1 m

e 4m

—16m =6m = 16m

“17m
*18m

——26m-—=-10m

——3m —<12m = 20m

720

39



725

730

735

Figure 12 Temporal changes in(a)” 3 Er(b) measured and estimated/olumetric water content (VWC) and (c) unfrozen water
content (UWC) at the borehole location at various depths (0.6 20 m). The cementation exponent was estimated for a given
measurement of VWC (baseline date in October 2019) withithe debris layer ( 8 )8Porosity, fluid resistivity (z, o),
cementation exponentd 8 ) and saturation exponent(= ) were kept constant over timeand VWC was calculated using
Equations 7,9 and 10To obtain the UWC (Equ. 12), the parameter bwas fitted for each depth according to the exponential behavior
of the corresponding resistivity dataat 0.5 Hz using Equ.11 with Z 8 ¢5and J||ﬂ 8 JE

4.3 Spatio-temporal variability of the phase frequency effect

Pogliatti et al. (2015) found a pronounced spatial variability in the active layer thickness at the two boreholes in@einia
Bianche(cf. table 1)and argue that the difference can be related to contrasting water contents and varying surface and
subsirface conditions in terms of weathering and fracturing of the bedrock. They suggest a higher ice content in the SBH
compared to the DBH, which was further supported by PJI results of Mollaret et al. {{fi2é)ing ice contents afp to 10

% at the DBHand up tol7 % at the SBH. Additionally, our results show (c.f., Fig. 4) an overall shallower uppermost layer

in the northeast of the study siteZ1m difference to southwest) with lowkrat depth close to the DBH compared to the
SBH.
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