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ABSTRACT

Quantitative estimation of subsurface water and ice contents is critical for the

understanding and modeling of permafrost evolution in alpine regions. Geophysical

methods permit the assessment of subsurface conditions in a non-invasive and

quasi-continuous manner, and in particular the combination of Seismic Refraction

Tomography (SRT) and Electrical Resistivity Tomography (ERT) through a

petrophysical model can quantitatively estimate ground water and ice contents. For

the Hoher Sonnblick (3106 m.a.s.l., Austrian Alps), we investigate the improved

estimation of water and ice contents based on SRT, ERT and Ground-Penetrating

Radar (GPR) data collected in June and October 2019. We solve for water and ice

contents following different approaches, namely (1) the independent inversion and

subsequent transformation of the imaging results to the target parameters through a

petrophysical model, and (2) the petrophysical joint inversion (PJl) of the data sets.

Supported by a synthetic study, we demonstrate that the incorporation of structural

and porosity constraints in the PJI allows for an improved quantitative

characterization of subsurface conditions. For our measurements at Hoher Sonnblick,

the constrained PJI resolves a shallow debris layer characterized by high air content
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and porosity, on top of a layer with lower porosity corresponding to fractured gneiss,

and the bedrock layer with the lowest porosity. For both time steps we found high

water contents at the lower end of the investigated area. Substantial variations in the

subsurface ice content resolved between June and October 2019 indicate a

correlation between the high water content and the melt water discharge within the

debris layer. Our results demonstrate that the constrained PJI permits an improved

characterization of subsurface hydrological parameters in alpine permafrost

environments.

INTRODUCTION

Permafrost is an essential component of the alpine cryosphere (Gruber and

Haeberli, 2009) and thus, of the hydrosphere; its areal extent even exceeds that of

the glacier covered area in the Alps (Boeckli et al., 2012). Changes in alpine

permafrost have been linked to relevant consequences such as stability problems for

infrastructure (e.g., roads, buildings) or increased natural hazard risk (e.g., rock falls,

Duvillard et al., 2015). alpine regions represent also an important catchment and

storage area for groundwater (Schrott, 1998). As shown by a series of studies,
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climate change is particularly pronounced in mountainous regions such as the Alps

(e.g., Pepin et al., 2015) and, if compared to the global changes, climate sensitivity

for temperature in the Greater alpine Region was about twice as large as at the

global level in the past (Bohm et al., 2001) and is expected to be also larger in the

future (Gobiet et al., 2014).

Permafrost degradation in the Alps is correlated to this rise in air temperature

(e.g., Harris et al., 2003; Noetzli and Gruber, 2009), although it should be noted that

the response of permafrost to climate change is much more complex than a simple

temperature signal effect, i.e., generally a response to the energy balance between

atmosphere and soil (Sokratov and Barry, 2002). Permafrost is a thermally defined

phenomenon referring to subsurface areas characterized by temperatures below 0°C

for at least two consecutive years (Harris et al., 1988). However, such definition

neither refers to the ice and water content in the subsurface, nor to freezing and

thawing processes. Moreover, as noted by Mollaret et al. (2019), in fine grained

environments, high contents of unfrozen water can still be observed at negative

temperatures. In this regard, there is a growing interest in the development of

accurate techniques to quantify ice and water contents in alpine environments and
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their evolution accompanying the increase in temperatures (Rogger et al., 2017;

Beniston et al., 2018; Jones et al., 2019). Such investigations permit the assessment

of variations in the ice-water interchange between the atmosphere and the

cryosphere, and the associated seasonal and annual variations. Boreholes facilitate

the in-situ measurement of parameters of interest, such as temperature (e.g., Global

Terrestrial Network for Permafrost; Biskaborn et al., 2015), soil moisture (e.g., Pellet

et al., 2016) and ice content (through borehole nuclear magnetic resonance logs,

e.g., Parsekian et al., 2013; Kass et al., 2017). Due to the logistic challenges

associated with the drilling of boreholes in alpine environments and related

installation costs, the number and spatial distribution of boreholes is limited in the

Alps. Moreover, investigations solely based on borehole data typically require

interpolation, which might bias the spatial resolution of the results and their

interpretation. Geophysical methods provide means for permafrost investigations with

high spatial resolution in a non-invasive manner (see Hauck and Kneisel (2008) for

an overview).

Based on the contrasting electrical properties of water and ice, and the linear

correlation between electrical resistivity and temperature, Electrical Resistivity
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Tomography (ERT) is one of the most widely used geophysical methods to delineate

frozen materials in the subsurface and to differentiate between unfrozen and frozen

water content (e.g., Hauck and Vonder Muhll, 2003; Hilbich et al., 2008; Krautblatter

et al., 2010; Kneisel et al., 2014; Dafflon et al., 2016; Emmert and Kneisel, 2017;

Oldenborger and LeBlanc, 2018; Mollaret et al., 2019; Farzamian et al., 2020).

However, the ERT measurements might be affected by poor signal-to-noise ratio

(S/N) due to limited current densities injected in compacted frozen rocks and snow

covered surfaces (e.g., Supper et al., 2014; Mollaret et al., 2019). As an alternative

approach, Seismic Refraction Tomography (SRT) is a geophysical method based on

the propagation of elastic waves and is used in permafrost research due to its

sensitivity to changes in the mechanical properties in the subsurface due to freeze

and thaw processes (Hilbich, 2010; Schoner et al., 2012b; Krautblatter and Draebing,

2014; Pogliotti et al., 2015; Draebing, 2016; Rogger et al., 2017). Yet, the SRT

method cannot be easily automated for monitoring purposes. Moreover, SRT data

might also be affected by low S/N for measurements collected in areas with difficult

terrain (e.g., a debris covered slope) where the geophones are poorly coupled to the

ground, and the hammer blows might result in seismic waves with low amplitudes.
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Contactless instruments have also been explored in permafrost studies, and among

them, the Ground Penetrating Radar (GPR) method has become a well-established

technique (Hinkel et al., 2001; Hauck and Kneisel, 2008; Hubbard et al., 2013;

Rogger et al., 2017). The GPR method relies on the propagation of electromagnetic

waves and is used in permafrost investigations to delineate lithological units and the

contact to frozen materials in the subsurface based on their dielectrical properties

(Hausmann et al., 2007; Schoéner et al., 2012b; Monnier and Kinnard, 2013; Merz et

al., 2016). Rough topography, however, might impair the quality of GPR data, for

instance due to variable separation between the antenna and the surface. Moreover,

during the melt season, an increase in the electrical conductivity causes a rapid

attenuation of the electromagnetic waves and thus, a reduced depth of investigation

(Annan, 2005).

Considering the challenging conditions in alpine permafrost investigations, the

combination of different geophysical methods aims at reducing the limitations of

single techniques, and thereby gaining a better site characterization. Moreover, this

multi-method approach reduces the ambiguity in the interpretation of results obtained

with a single geophysical method, and benefits from the partially complementary
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sensitivities of the different methods to the physical subsurface properties (e.g., ERT,

SRT and GPR). The processing of multi-method geophysical data sets can follow

different strategies, such as: (1) conventional inversion followed by joint

interpretation, (2) constrained inversion, and (3) joint inversion. Yet, the inversion of

geophysical data is an ill-posed problem (e.g., Zhdanov, 2002; Lesparre et al., 2017),

which means that it is affected by non-uniqueness and instability. Non-uniqueness

refers to the fact that the same data set can be sufficiently described by different

models, whereas instability refers to the fact that small changes in the data lead to

large changes in the obtained inversion results.

In joint interpretation approaches, the different data sets are processed

independently, i.e. generally by conventional inversion, and subsequently joined for a

qualitative interpretation (e.g., Hausmann et al., 2007; Hubbard et al., 2013; Pogliotti

et al., 2015; Rogger et al., 2017; Kunz and Kneisel, 2020). For permafrost

investigations, Hauck et al. (2011) proposed the so-called four-phase model (4PM),

where ERT and SRT results obtained through independent inversions are

transformed to estimates of the subsurface water, ice and air contents (e.g.,

Schneider et al., 2013; Pellet et al., 2016; Hauck et al., 2017; Mewes et al., 2017).
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However, the quantitative interpretation based on the 4PM might result in the

estimation of physically implausible parameters, i.e., negative values that cannot

occur in nature (e.g., Hauck et al., 2011; Mewes et al., 2017; Wagner et al., 2019;

Mollaret et al., 2020). Constrained inversion approaches enhance the consistency of

results obtained through different geophysical methods by including complementary

data, e.g., structural information, towards an improved estimation of physical

parameters (Karaoulis et al., 2011; Doetsch et al., 2012; Robinson et al., 2013; Chou

et al., 2016). The quantitative interpretation of the obtained results still requires the

subsequent application of a petrophysical model such as the 4PM to retrieve

parameters of interest such as the ice of water content. Joint inversion approaches

simultaneously invert different geophysical data sets to improve the consistency in

the resolved model(s). Structural joint inversion approaches exploit the common

sensitivity of different geophysical methods for structural features (e.g., Haber and

Oldenburg, 1997; Gallardo and Meju, 2003, 2004; Doetsch et al., 2010; Garofalo et

al., 2015; Linde and Doetsch, 2016; Hellman et al., 2017; Ronczka et al., 2017),

whereas petrophysical joint inversion (PJl) approaches rely on a model describing

the relationship between different geophysical methods through one or more
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common petrophysical parameters (e.g., Gao et al., 2012; Zhang and Revil, 2015;

Sun and Li, 2016; Rucker et al., 2017; Wagner et al., 2019). With regard to

permafrost research, the PJI framework developed by Wagner et al. (2019) permits

the estimation of water, ice, air and rock contents using apparent electrical

resistivities and seismic traveltimes simultaneously, leveraging upon Archie’s law and

the time-averaging equation applied by the 4PM . Wagner et al. (2019) and Mollaret

et al. (2020) demonstrate the benefits of the PJI, namely (1) the physical plausibility

of the obtained results, i.e., no negative values in the fractional contents, (2) the

possibility to incorporate non-geophysical measurements (e.g., temperature or soil

moisture), and (3) the possibility to estimate a porosity model, due to the fact that the

underlying petrophysical equations including are honored during the parameter

estimation. Despite these advantages, both studies emphasize that the results

obtained through the PJI still suffer from non-uniqueness, in particular with regard to

the ice and rock contents as both components are characterized by relatively high

acoustic velocities and act as electrical insulators (provided that surface conductivity

is negligible, which might not be the case, e.g., Duvillard et al., 2018). This means

that depending on the a priori input and inversion settings (e.g., lower and upper

Page 10 of 82
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limits of a particular phase), the algorithm can produce a multitude of ice and rock

matrix distributions, which equally well explain a single set of ERT and SRT data

sets.

Our study intends to improve the characterization of the subsurface conditions

at the summit of Hoher Sonnblick (Austria), at 3106 m above sea level (Schéner et

al., 2012a). The study area is particularly relevant for several reasons, e.g., it hosts

the Sonnblick Observatory, where climate change has been observed since 1886

and as permafrost degradation also affects the stability of the observatory buildings.

However, only few studies have addressed the investigation of subsurface

conditions, in particular the monitoring of permafrost degradation. So far, Schoner et

al. (2012b) conduct the most detailed study at Hoher Sonnblick by combining

geophysical and direct investigations, but only for a single time in 2012. In our study,

we collected ERT and SRT data sets at two different times, which correspond

approximately to the beginning and the end of the melt season. Moreover, GPR is

used to obtain structural information in the near-surface and to support the

interpretation of the seismic and electric inversion results. In particular, we extend the

approach from Schéner et al. (2012b) by considering not only seismic but also



Geophysics Manuscript, Accepted Pending: For Review Not Production Page 12 of 82

Geophysics 12

electric data sets to estimate the water and ice content based on the 4PM. Taking

into account the known limitation of this conventional approach, e.g., the physical

implausibility of the resolved values, we aim to improve these estimates through the

PJI of the seismic and electric data sets. Moreover, we explore the possibility to

further improve the quantitative estimates for the water and ice contents by

considering structural and porosity constraints in the PJI. In a first step, we

investigate the incorporation of structural information derived through joint

interpretation of SRT, ERT and GPR results, and complementary data. Such

constraints aim at an improved delineation of lithological boundaries by combining

the benefits of constrained and petrophysically coupled joint inversion. In a second

step, we define a porosity distribution based on the analysis of time-lapse imaging

results and use this information as a petrophysical constraint in the PJI. We

hypothesize that porosity information from multiple time-steps is essential for

improved estimates of ice and water contents. For an evaluation of our approach, we

also present here a numerical study, which permits a quantitative comparison of the

deviations from the real model in terms of the water, air, ice and rock content

resolved by different inversion strategies.
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MATERIALS AND METHODS

Petrophysical joint inversion solving for water, ice, air and rock content

To image the changes in ice and water contents at Hoher Sonnblick, we use

the open-source PJI framework developed by Wagner et al. (2019), built on the

modeling and inversion functionality provided by pyGIMLi (Rucker et al., 2017).

Wagner et al. (2019) implement the underlying equations also used in the four-phase

model (4PM) developed by Hauck et al. (2011) to describe the petrophysical relation

between the electrical resistivity (p) and the seismic velocity (v, commonly expressed

by its reciprocal the seismic slowness s). According to Hauck et al. (2011),

permafrost systems are composed by the volumetric fractions of four phases, namely

the solid rock matrix f,, and water f,,, ice f;, air f, filling the pore space, related by

the volume conservation constraint

frefwtfitfa=1 (1)

To describe the seismic slowness, the 4PM uses a modification of the Timur (1968)

equation, a time-averaging equation summing up the individual seismic velocities of
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2011)

Assuming that electrolytic conduction dominates, the bulk electrical resistivity can be

linked to the pore water content (f,,) by Archie’s second law (Archie, 1942)

p=pw(1—fr) ""(1 ]:Wfr) o (3)

where the Archie parameters m and n denote the cementation exponent and the

saturation exponent, respectively, and p,, corresponds to the pore water resistivity.

The volumetric fractions of the four phases for each model cell are elements of
the parameter vector p = [fu, fi, fa f+]7, Which permits the estimation of physically
plausible values, i.e., positive values, for each phase and enables the flexible
incorporation of prior information. During parameter estimation, elements in the
transformed model vector are computed as mF = log (p}) —log (1 — pf), where the
use of logarithmic barriers ensures that the petrophysical target parameters p vary

between zero and one. The data vector d is composed of observed seismic
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traveltimes and logarithmic apparent resistivities, i.e.d = [t, log (p,)]". The inversion
scheme minimizes the objective function (following the notation in Zhdanov and Lin

(2017)):

p(m) = IWu(d — Fam) |13 + a2l W,mll
2
+ B2 w3 =1Ly 4 2w, (p — po) 2-min

(4)

The first term of the objective function presented in equation 4 specifies the
misfit between the observed data d and the model response F(m) considering the
reciprocals of the data errors on the diagonal of the data weighting matrix W,. The
second term describes a smoothness regularization applied to the model vector m,
where a denotes the dimensionless smoothness regularization parameter chosen to
fit the data within their respective error bounds. The spatial regularization matrix W,
controls the smoothness in the distribution of each component of the four-phase
system. The third term is another regularization term required to ensure the
adherence to the volume conservation constraint (equation 1), where g denotes the

corresponding dimensionless regularization parameter which, when chosen
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accordingly, restrains non-physical solutions. The matrix W3*™ consists of four

adjacent identity matrices and acts on the parameter vector p to promote solutions for

which the sum of the four volumetric fractions is close to unity. The fourth term in the

objective function is optional and permits the incorporation of a priori knowledge

regarding the petrophysical target parameters (Wagner et al., 2019). Prior information

on one or more target parameters are concatenated in the reference and starting

model vector p,. The square matrix W, contains ones along its diagonal for target

parameters to be kept close to the corresponding reference model and zeros

otherwise. This term is scaled by using y = 8 to penalize solutions for which the

resolved models deviate from the reference models or omitted by using y = 0 in case

no prior information should be considered during the parameter estimation.

The incorporation of structural constraints in conventional inversion of

geophysical data is a widely used practice to enhance contrasts in models resolved

through conventional inversion (e.g., Gunther et al., 2011; Doetsch et al., 2012;

Bergmann et al., 2014; Wagner et al., 2015). Glnther et al. (2011) implement

structural constraints by adding structural information to the spatial regularization

matrix used during the inversion. The spatial regularization matrix W, in equation 4 is
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a block matrix and holds four first-order finite-difference roughness operators (C) on

its diagonal to promote smoothness in each individual volumetric fraction:

N
3
Il
coon
cono

ocnoo
NOoCOoOo

The matrix € has as many rows as cell boundaries exist in the mesh (lines separating
adjacent triangles in 2D and triangles/quadrangles separating tetrahedral/hexahedra
when moving to 3D) and as many columns as model cells. Based on structural joint
interpretation of complementary geophysical data, we set rows in C corresponding to
expected lithological discontinuities to zero. This effectively allows, but does not
enforce, the inversion to develop sharp parameter contrasts, which would not be

possible in conventional smoothness-constrained inversions.

An important data fit measure is the error-weighted chi-square fit y? = %
where ¢ is the first summand in equation 4 and N is the number of measurements.
A value of y?> = 1 means that the data are described by the model within their

respective error bounds (Gunther et al., 2006; Glnther and Riicker, 2019). All
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inversion results presented in this study have y? values close to one for synthetic

data and 0.8 — 1.2 for field data.

The study area at Hoher Sonnblick (Austria)

The Hoher Sonnblick located at the border between the federal states of

Salzburg and Carinthia (Austria) is a mountain of the Goldberggruppe in the Austrian

Central Alps (Figure 1a). The Goldberggruppe is characterized by a north-west

striking gneiss zone (‘Sonnblick-Gneisskern'; Exner, 1964) mainly consisting of

granite gneiss with a predominant portion of potash feldspar (Exner, 1962). The

summit of Hoher Sonnblick (Figure 1b) is formed by three steep rock walls facing

towards East, North and North-East (indicated in Figure 1a). Our study area is

located on the South-West facing slope (Figure 1c) covered by debris predominantly

consisting of small to large blocks (Figure 1d). Subsurface conditions within the study

area correspond to a three-layer case with the debris cover on top followed by a layer

of fractured rocks and the bedrock (e.g., Schoner et al., 2012b). Direct information

regarding the thickness of the fractured rock layer can be inferred from drill logs and

the length of rock bolts; yet, such information is solely available for the rock walls

Page 18 of 82
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(Figure 2a). In Figure 2b we present average air temperatures for Hoher Sonnblick

indicating that the melt season approximately extends from May to October. Rock

temperatures measured in boreholes provide information about the active layer

thickness (ALT) as shown for borehole A in Figure 2c. Nonetheless, subsurface

investigations within the study area are rare (e.g., Schéner et al., 2012b) and no

permanent geophysical monitoring of permafrost is available.

Acquisition and processing of geophysical data sets

To assess changes in the subsurface properties associated to freezing and

thawing processes, we collected geophysical data along a profile located on the

South-West facing slope of the Hoher Sonnblick summit (indicated in Figure 1a). As

illustrated by the thermal states in both the atmosphere (Figure 2b) and the

subsurface (Figure 2c), the first data set was collected on 27 June 2019

approximately at the beginning of the melt season, whereas the second data set was

acquired on 18 October 2019 at the end of the melt season. Measurements were

conducted with 32 electrodes (ERT) and geophones (SRT), deployed with a

separation of 2 m and hammer blows for the collection of the SRT data conducted at
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each geophone position. In June 2019, the study area was covered by a snow layer

with a thickness ranging between approximately 0.5 and 2.0 m; thus, to ensure

galvanic contact between the ground and the electrodes and firm coupling between

the ground and the geophones, we dug 32 holes in the snow cover to place both the

geophones and the electrodes. We surveyed the positions of these holes with

differential GNSS (dGNSS) to enable redeployment of the sensors at the same

locations in October 2019.

SRT data collection and processing

For the seismic refraction surveys at Hoher Sonnblick, we used the DMT

Summit acquisition system and vertical geophones with a corner frequency of 30 Hz

deployed at the surface. To ensure a firm coupling between the geophones and the

ground, we drilled holes in larger boulders of the debris cover to take up the spikes of

the geophones. At the shot positions, we generated elastic waves with a 7.5 kg

sledgehammer striking a 3 cm thick plastic plate and stacked four hammer blows to

improve the S/N. Picking of first break traveltimes was done with a python script

based on the ObsPy toolbox (Beyreuther et al., 2010) which provides the means for
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reading and processing of seismic waveform data. We applied a 120 Hz low-pass

filter on the seismic traces to attenuate signals associated to high frequency noise.

Yet, the S/N remained low - especially at larger offsets — requiring manual correction

of automatically picked first onsets. Based on different gathers, i.e. common shot,

receiver and offset, we managed to determine 992 and 991 traveltimes for the June

and October data set, respectively.

ERYT data collection and processing

ERT data were acquired using the eight-channel Multi-Phase Technologies

DAS-1 Electrical Impedance Tomography System. To facilitate sufficiently low

contact resistances, we (1) coupled two stainless steel electrodes with a copper wire,

(2) deployed such electrode couples in pre-drilled holes, (3) filled the remaining voids

in the holes with quartz sand, and (4) saturated the sand with salt water. The method

used by the DAS-1 to estimate contact resistances is limited to approximately

300 kQ, whereas readings above 200 kQ are considered to be an open circuit. For

both campaigns conducted at the Hoher Sonnblick, contact resistances were well

below 100 kQ for most electrodes. Similar values were reported by Mollaret et al.
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(2019) for different permafrost sites in the Swiss Alps. In October 2019, we observed

values up to 140 kQ for some electrodes and one electrode had to be excluded due

to contact resistances of more than 200 kQ. For the data collection, we prepared a

measurement protocol combining multiple gradient and dipole-dipole configurations,

varying in the size of the voltage dipole in the range between 1.0 and 4.0 times the

electrode spacing (i.e., skip 0 - 3 as for example described by Flores Orozco et al.,

2018) leading to higher S/N than other configurations. Measurements were collected

using a square wave form with a pulse length of 0.125 s, and 50% duty cycle. We

collected normal and reciprocal readings, where reciprocal refers to re-collecting data

for each quadrupole with interchanged current and potential dipoles (Binley et al.,

1995). After removing erroneous measurements related to negative apparent

resistivity readings or zero current injection, followed by the removal of readings with

poor reciprocity (e.g., Flores Orozco et al., 2012; Flores Orozco et al., 2018) out of

276 normal readings initially acquired 110 readings remained for both campaigns.

Inversion of SRT and ERT data sefs

Page 22 of 82
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For the conventional inversion (Cl) of the observed traveltimes and collected

apparent resistivity values for each individual time step, we used the corresponding

modules of pyGIMLi (Rucker et al., 2017), whereas the PJI framework (Wagner et al.,

2019) was used for the joint inversion of the data sets. We considered an estimated

absolute SRT data errors of 2.5 ms and 2.0 ms for the inversion of the seismic data

in June and October, respectively. Relative errors of 7.5% and 3.0% were used for

the inversion of ERT measurements in June and October, respectively,

corresponding to the standard deviation of the misfit between normal and reciprocal

readings. All inversions, i.e. conventional and PJI, were conducted a 4:1 preferential

smoothing in the horizontal direction, i.e., a four times larger horizontal smoothing.

GPR data collection and processing

The GPR survey aimed at delimiting the thickness of the debris cover along

the seismic and electric profile. Information about lithological contacts is needed in

our study to structurally constrain the PJI under investigation. GPR measurements

were conducted in June 2019, when conditions permitted to drag the antennas on the

top of the snow for an improved data quality. We used a shielded antenna with a
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center frequency of 200 MHz connected to a GSSI SIR-3000 system operated in

time-based collection mode (120 scans per second). The SIR 3000 system was

configured to apply 32 stacks for each trace to improve the S/N and to store the raw

radargram with 512 samples per trace with a time range of 250 ns. With the

commercial software ReflexW (Sandmeier, 2020), we processed the raw radargram

by applying (1) a time zero correction, (2) a de-wow filter, (3) a 100 — 400 MHz band-

pass Butterworth filter, and (4) gain correction. We applied an elevation correction

based on the dGNSS data measured along the profile. For the time-depth

conversion, we considered a velocity of 0.13 m/ns as obtained from the optimal stack

power of observed diffraction hyperbolas.

The processed radargram showed a first strong reflection associated to the

interface between snow and debris cover, high reflection amplitudes within the debris

layer and lower amplitudes for the frozen bedrock. To verify such interpretation, we

performed numerical modeling of electromagnetic wave propagation by means of the

finite-difference scheme implemented in the ReflexW modeling module (Sandmeier,

2020) following an approach similar to Hausmann et al. (2007). To validate our

interpretation, we computed synthetic radargrams with varying values of the
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dielectrical permittivity () and electrical conductivity (o) and considering different

geometries of the subsurface interfaces. Moreover, we included near-surface

heterogeneities, i.e., water and air-filled voids, to model the internal structure of the

debris. Assessing the agreement between synthetic and measured radargrams

enabled refinement of the parameters in the numerical model and thus, to validate

the interpretation of the signatures observed in the GPR data.

RESULTS

Assessing the reconstruction capabilities of different inversion approaches

In a first step, we conduct a synthetic study to quantify deviations in the water,

air, ice and rock contents resolved through different inversion approaches, taking into

account that it is practically impossible to obtain continuous spatial information about

the true physical and thermal properties of the subsurface at real field conditions. For

our numerical investigations we build a model in 2D without topography consisting of

three horizontal layers and parameterize the layers according to values expected for

Hoher Sonnblick. Based on this model, we compute synthetic seismic and electric

data sets considering geophones, shots and electrodes to be collocated at 32
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stations with a separation of 2 m. The computed traveltimes are subjected to additive

Gaussian white noise (AGWN) with a standard deviation of 0.5 ms. For the simulation

of apparent resistivity measurements we use the same configuration as in the field

and apply a normally distributed relative error of 5%. From these synthetic data sets

we estimate water, air, ice and rock contents through (1) the independent inversion of

data sets and subsequent application of the 4PM, (2) the PJI (as applied by Wagner

et al. (2019) and Mollaret et al. (2020)), (3) the structurally constrained PJI, and (4)

the PJI with structural and porosity constraints. The parameterization of the

petrophysical model used in the conventional and the PJI approaches is based on

the values summarized in Table 1.

The synthetic study permits the evaluation of how inaccurate prior information

used as constraints in the PJI affect the resolved water, air, ice and rock contents.

Hence, we defined five different scenarios (summarized in Table 2) referring to

correct and erroneous prior information regarding the depth of the interface between

the top and intermediate layer (shallow interface), the depth of the interface between

the intermediate and bottom layer (deep interface), and the porosity model. To

facilitate a clear comparison of the true model with the models resolved through the
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different inversion approaches, in Figure 3 we present the results of our synthetic

study in form of 1D curves extracted in the center of the inverted models. The values

of the true model for each component are indicated in Figure 3 for a direct evaluation

of the results. Assuming a homogeneous porosity of 30%, the independent inversion

of the data sets and subsequent application of the 4PM resolves the main structural

characteristics, i.e. the layering, of the true model and the estimated values

approximate the true water and air content. Yet in terms of the ice content, the results

obtained through this conventional approach suffer from negative values in the near-

surface. Moreover, the ice content in the intermediate layer is underestimated,

whereas at depth the resolved values are too high. The unconstrained PJI yields

similar results for the water and air content as the conventional approach, provides

an estimate of the true rock content and solves for a non-negative ice content.

Although the ice content resolved within the top layer is a good estimate for the true

values, at larger depths the estimated ice content fails to resemble the true model. To

overcome such limitations, we include prior knowledge in the PJI to reduce the

degrees of freedom and, thus, provide improved estimates for the different fractional

values. In Scenario 1 we incorporate the true interface depths as structural
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constraints in the PJI and invert the synthetic data sets based on a homogeneous

porosity distribution. The results presented in Figure 3a illustrate that for the water

content and to a lesser extent for the air content the structural characteristics of the

true model are accurately resolved and also the obtained values are a good

approximation of the true values. With regard to the ice and rock content, the

incorporation of structural information does not yield the true values. As illustrated in

Figure 3b, prescribing the true porosity distribution ensures that the values of the true

models are accurately resolved. Results obtained through the structurally constrained

PJI based on (partially) erroneous prior knowledge, defined by Scenarios 2 to 5

(Figure 3a), illustrate that the estimated water and air contents do not significantly

deviate from the true values. However, the resolved ice and rock content models do

not reflect the true structures and values. For the PJI with porosity constraints, we

approximate the true porosity distribution by k-nearest neighbor smoothing of the true

values (where k = 100 model cells) and subsequent adding of normally distributed

noise. In Scenarios 4 and 5 we additionally distort the approximated porosity

distribution by + 15 % to simulate gross errors in the a priori porosity information. As

illustrated in Figure 3b, the estimates for the water and air content still solve for the
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true values. In case of the ice and rock content we observe large variations in the

resolved values dependent of the prescribed porosity model. Still, the estimates

clearly resemble the general characteristics of the true model and approximate the

true fractional values. Hence, our synthetic study demonstrates that the results

obtained through the PJI are significantly improved by incorporating a petrophysical

constraint that at least roughly resembles the true subsurface porosity distribution.

We also note here that this sensitivity of the 4PM, underlying the PJI framework, was

already described by Hauck et al. (2011).

Subsurface structures resolved at Hoher Sonnblick through joint interpretation

Figure 4 presents the processed radargram and the imaging results obtained

through independent inversion of the seismic and electrical data sets collected at

different acquisition times in June and October 2019. The SRT solves for similar

structures for June (Figure 4a) and October 2019 (Figure 4b). Nonetheless, we

observed substantial variations in the resolved seismic velocities in the near surface,

while seismic velocities are consistently resolved with values higher than 4000 m/s

for June and October 2019 at depths above approximately 8 m. Likewise, we
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delineate similar structures in the ERT imaging results for both June (Figure 4c) and

October 2019 (Figure 4d). Yet, the resolved resistivity values show a general

decrease of approximately 60% from June to October 2019, which can be explained

by the inverse correlation between resistivity and temperature (e.g., Krautblatter et

al., 2010; Zisser et al., 2010; Bairlein et al., 2016). Still, the structural consistency of

the ERT results for both times clearly indicates that the electrical images are related

to lithological contacts, whereas the amplitude of the values is controlled by

variations in the water content (Mollaret et al., 2019).

The interpretation of the independently processed and inverted data sets (i.e.,

joint interpretation) enables derivation of a subsurface model that delineates the

principal lithological units at the summit of Hoher Sonnblick. We consider the chaotic

relationship between the reflections observed in the shallow areas of the radargram

presented in Figure 4e to be associated to the debris cover. Based on this

interpretation, the geometry of the debris layer can be delineated in the first half of

the profile. Although not easily observable from the radargram, SRT and ERT

consistently resolve an increase in the thickness of the debris layer in the lower part

of the profile. Similar to Schoner et al. (2012b), we identify the possible interface
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between fractured and consolidated rocks at the contact to acoustic velocities higher

than 4000 m/s. To approximate the geometry of the bedrock interface along the

geophysical section, we fitted a cubic spline to the 4000 m/s isolines computed from

SRT results obtained for both times (see Figure 4a and 4b). The agreement in the

geometry of the seismic interface obtained from the two SRT data sets supports our

interpretation that such an interface corresponds to the contact between fractured

and consolidated rocks, which is likely not affected by seasonal variations.

Combining the different structural information yields the lithological model presented

in Figure 4f. The interpretation of SRT and GPR data previously collected at Hoher

Sonnblick (Schoéner et al., 2012b) supports the proposed lithological model.

Moreover, the consistency in the main features observed across GPR, SRT and ERT

in the near surface might demonstrate that these are controlled by the contact

between the debris and the weathered gneiss. The increased thickness of the debris

layer inferred from SRT and ERT images corresponds with weak reflections in the

radargram suggesting the deposition of saturated fine-grained debris below the

blocky material. However, the contact between the weathered gneiss and the

bedrock is solely resolved from the SRT imaging results obtained through
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smoothness-constraint inversions. Hence, this interface requires further verification to

be considered as a legible source for structural constraints.

In absence of direct information regarding the depth to the layer of

consolidated rocks, we need to refer to the results of previous studies providing the

corresponding information. Schoner et al. (2012b) infer the contact between fractured

and compacted rocks through modeling of the thermal diffusivity based on rock

temperatures observed in borehole B. Their model indicated a distinctive change in

the thermal diffusivity from 2.3 x 106 to 0.5 x 106 m?/s in a depth of approximately

8.8 m. They attributed to the strong heat transfer from the surface down to a depth of

8.8 m to fractured rocks and interpreted the decreased heat transfer at larger depths

to be associated to the compacted bedrock. Comparing the bedrock depth inferred

from the thermal diffusivity model with a 1D representation of the resolved seismic

velocities allowed for a verification of the SRT imaging results (Schoner et al.,

2012b). This approach is not directly applicable for our study as our SRT profile does

not cover the location of borehole B (cf. Figure 1a). Hence, in Figure 5 we provide a

comparison of rock temperatures observed in borehole A and seismic velocities in

the vicinity of borehole A (x2 m) with the bedrock depth reported by Schoner et al.
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(2012b). Note that the modeled bedrock depth needs to be corrected for the larger

debris cover thickness observed at borehole A, for instance in the GPR results

presented in Figure 4e. Figure 5 illustrates that the reported bedrock depth coincides

well with a distinct decrease in the variability of the rock temperatures, which we

attribute to the reduced heat transfer in the bedrock. From the 1D seismic velocity

curve we can infer a velocity of approximately 4000 m/s for the compacted rocks at

depth. In this regard, we consider our SRT imaging results to be verified by an

approach based on direct borehole information and thus, consider the geometry of

the 4000 m/s isoline to be representative for the contact between fractured and

consolidated rocks along the entire geophysical profile.

Quantifying subsurface ice-water contents at Hoher Sonnblick

Although the joint interpretation approach is commonly applied in multi-method

investigations, the obtained results remain qualitative since they do not provide

estimates of relevant parameters such as porosity, ice and water content.

Nonetheless, SRT and ERT images can be transformed to quantitative results

through a petrophysical model such as the 4PM. For the parameters of the 4PM, i.e.,
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the variables in equations 2 and 3, we use the values summarized in Table 1, which

are common in permafrost literature (e.g., Hauck and Kneisel, 2008). We note here

that literature values might represent a good approximation to highly heterogeneous

materials such as debris and weathered rock. Considering the imaging results

presented in Figure 4 and results from previous investigations (Schéner et al.,

2012b), we prescribe a porosity model characterized by a gradual decrease in the

porosity with depth, where high values in the near-surface correspond to the debris

layer and a low porosity at depth refers to the less weathered gneiss and bedrock.

Based on the 4PM, the independent SRT and ERT imaging results can be

transformed to water, air and ice contents. The fractional values obtained for the data

sets collected in June and October 2019 are presented in Figure 6a. Blanked regions

illustrate that this approach yields non-physical values, i.e., negative values, in the

estimated ice and air contents. Based on the same petrophysical parameters and

governing equations, the PJI framework solves for physically plausible values for

each phase, i.e., water, ice, air and rock content for data collected in June and

October 2019 (Figure 6b). Furthermore, in Figure 6¢ we present images resolved
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through structurally constrained PJI, which incorporates structural information from

the lithological model obtained through joint interpretation.

Results illustrated in Figure 6 reveal consistent water contents resolved

through different inversion approaches. The highest water content (approximately

20%) is resolved in the near-surface within the debris cover, and within a deep-

seated anomaly located at the lower end of the profile; whereas a lower water

content (< 10%) is found below the debris cover. Large variations can be observed in

the estimated ice content following the different inversion approaches. Particularly,

the ice contents estimated based on structural constraints show substantially lower

values (< 10% in June 2019 and < 5 % in October 2019) than those obtained through

the conventional approach and the unconstrained PJI (> 10% for June 2019 and up

to 20% for October 2019). In case of the air content, similar values are resolved

through the conventional approach and the PJI. A high air content is resolved for the

debris layer, with values up to 10% in June and 30% for measurements collected in

October 2019. For June 2019 the structurally constrained PJI solves for higher air

content values within the debris layer than the other approaches (approximately 10%

points higher). As expected, both PJI approaches solved for the lowest rock contents
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(approximately 50% to 60%) in the near-surface corresponding to the debris cover;

whereas the rock content increases with depth and reaches maximum values in the

bottom layer (up to 90%); yet, the range of values differ significantly.

To investigate the consistency in the results obtained through different

inversion approaches, we present in Figure 7 the computed time-lapse differences in

the inverted parameters (Afy = fx (oct) — fx qun) With x = w, q, i, r for the water, air, ice,

and rock content, respectively). The temporal changes in the water content are

comparable for all three approaches showing similar patterns and a consistent range

of values. In case of ice and rock content, the resolved temporal changes differ

significantly for the different inversion approaches. The conventional inversion and

subsequent application of the 4PM results in non-physical values for the ice content

close to the near-surface; yet, a general decrease in the ice content is observed from

June to October, as expected due to the higher temperatures in summer (Figure 2b).

The unconstrained PJI yields an increase in the ice content in the upper part of the

profile during the melt season, which is physically implausible, especially when

compared with the increase in the ALT (c.f., Figure 2c). For the air content, the

conventional approach and the unconstrained PJI resolve similar temporal changes;
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yet, in the conventional results the coverage at depth is limited due to non-physical

values. The temporal changes resolved through the structurally constrained PJI yield

plausible values in the entire imaging plane, with an overall decrease in the ice

content, which is in agreement with the expected increase in the subsurface

temperatures during the melt season. Moreover, the structurally constrained PJI

solves for a more detailed image of spatial variations in the air content within the

debris cover than resolved through the other approaches. However, both PJI

approaches resolve for temporal changes in the rock content implicating alterations in

the rock-air matrix over the course of four months.

DISCUSSION

Benefits and limitations of different PJI approaches

The results of our synthetic study (c.f., Figure 3) illustrate that the PJI

framework provides the means to overcome the estimation of non-physical values as

obtained through the conventional approach, which becomes evident in case of the

near-surface ice content. Comparing the resolved values with the values of the true

model demonstrates that the PJI also provides an improved estimation of the true ice
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and rock contents by allowing variations in the porosity during parameter estimation

and honoring the volume conservation constraint (equation 1). Yet, the estimates for

the ice and rock content provide only a rough approximation of the true model. As

demonstrated by synthetic Scenario 1 (c.f., in Figure 3), the incorporation of prior

knowledge, i.e., interface depths and porosity distribution, through the constrained

PJI permits to accurately solve for the characteristics of the true model. The

assumption of extensive and accurate existing information may be challenging for

field investigations, where information might be scarce (for instance, at Hoher

Sonnblick), or complementary data might be affected by uncertainties. Results

obtained for Scenarios 2 to 5 illustrate that the true water and air content can still be

quantitatively estimated in case of inaccurate prior information and thus demonstrate

that the constrained PJI significantly improves the stability of the inversion.

Considering that the estimates for the ice and rock content show a substantial

sensitivity to changes in both the structural and porosity constraints, the constraints

need to be carefully defined. Still, the models obtained through the constrained PJI

approaches provide a sufficiently accurate approximation of the true model. The

comparison with results obtained through the conventional approach and the PJI
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demonstrate that even inaccurate prior knowledge can improve the estimates for the

ice and rock content. In this regard, we consider the constrained PJI approaches to

yield improved estimates compared to other inversion approaches.

Improving the estimates for ice and water content at Hoher Sonnblick

Similar to our synthetic study, the unconstrained PJI prevents the estimation of

negative values in the ice content also for the field data collected at Hoher Sonnblick.

However, considering other permafrost studies (e.g., Hauck, 2002; Hilbich et al.,

2008) the resolved increase in the ice content during the summer months is

physically implausible (Figure 7b). Aiming at an improved estimation for the fractional

contents of each phase, we incorporate structural constraints in the PJI to enhance

the consistency in the results obtained for both times (see Figure 6¢). The

corresponding temporal changes presented in Figure 7c illustrate that the structurally

constrained PJI resolves a decrease in the ice content within the debris cover along

the entire profile, as expected due to the higher air temperatures in summer (June to

October; see Figure 2b and 2c) compared to the winter months. However, Figure 7b

and 7c still report substantial changes in the rock content, which we consider
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physically implausible as the rock matrix should remain constant over the course of

our investigation (approximately four months). Although the PJI framework

demonstrably provides better estimates for the fractional contents in the different

phases, Figure 7 demonstrates that this approach can still be limited due to the

inherently similar physical properties of rock and ice, i.e., both materials are

characterized by a high seismic velocity and a high electrical resistivity. In particular,

porosity estimates will be largely biased since the 4PM underlying the PJI requires

sufficiently high contrasts in the seismic velocities of rock and ice to distinguish

between these two solid phases, a problem already highlighted by Hauck et al.

(2011). Accordingly, temporal variations in the seismic velocities might result in

implausible estimations of the ice and rock content, as observed in Figure 7b and 7c.

Prescribing the a priori information regarding the porosity distribution would be a step

towards the estimation of physically plausible values (e.g., Hauck et al., 2011), which

refers to the incorporation of a petrophysical constraint in the PJI. Laboratory

estimations of porosity values in rock samples, however, might be not representative

for the bulk porosity of the different subsurface layers, i.e., the debris cover or the

weathered gneiss observed at Hoher Sonnblick (see c.f., Figure 1). Borehole
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information are not available at the site, which is not equipped for subsurface

investigations on the same level as other study areas (Mollaret et al., 2019).

Moreover, such information might be valid only at the borehole position, thus, limiting

its application in an imaging framework. To overcome the lack of ground truth, we

propose to use the porosity distribution resolved through PJI for one time step as a

petrophysical constraint in the PJI of data collected at another time step to solve for

improved estimates of the ice and water content. We consider this approach to be

more concise and easier to apply at different sites than the approach used in, e.g.,

the study by Pellet et al. (2016), where the authors estimated the porosity distribution

based on a modified petrophysical model, which was solely applicable in an unfrozen

part of the study area. Assuming a minimum subsurface ice content at the end of the

melt season, we suggest that the October 2019 rock content distribution resolved

through the unconstrained PJI as the best possible estimation of the subsurface

porosity distribution (@) = 1 — fr o)) at Hoher Sonnblick.

Following the argumentation from Hauck et al. (2011), we prescribe the

porosity model @y as fixed in the PJl, i.e., we implement it a as a petrophysical

constraint. Moreover, by prescribing @) for June and October 2019, we couple the
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PJI of data sets collected at different times by means of a common parameter, which

is kept constant in the inversion of two different time-lapses. In this regard, the

proposed incorporation of the porosity distribution in the PJI can be seen as a time-

lapse constraint. Prescribing a fixed porosity decreases the degree of freedom in the

PJI by penalizing variations in the rock content during the inversion. Following such

an approach, we are able to increase the physical consistency between time steps,

as required to solve for reliable changes in the parameters at different times, and

improve the quantification of ice and water dynamics.

Figure 8a and 8b present the results resolved through the structurally and

time-lapse constrained PJI for June and October 2019, respectively. To assess

seasonal variations in the different phases we compute absolute differences Af, =

fx (oct) — fx gun) illustrated in Figure 8c. For the water content, variations are largely

confined to the debris layer showing lateral variations along the profile. The highest

increase in the water content (approximately 10% points) is resolved at the lower end

of the profile, likely associated to melt water discharge, which can be observed in

summer within this area of the Hoher Sonnblick summit. The temporal changes in the

ice content indicate the largest ice loss (~ -15% points) within the debris layer in the
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upper part of the profile, i.e., close to the observatory building. Moreover, the area

around the depression in the debris layer in the lower half of the profile (i.e., between

50 m and 70 m along profile direction) is characterized by a considerable decrease in

the ice content (~ -10% points), potentially related to the infiltration and of warm melt

water and rainwater. The air content mainly varies within the debris layer, when

melting ice is replaced by air (approximately 20%points) indicated by the

corresponding changes in these fractional contents. Reduced near-surface air

contents can be related to an increase in the water content. We interpret the resolved

variations in the different phases as a result of the increased available atmospheric

energy input during the melt season, which results in melt water infiltration within the

debris layer caused by the melting snow (e.g., in June) and near-surface ice.

Outlook

Further developments with regard to the PJI could address the incorporation of

additional geophysical methods and monitoring data, both of which could potentially

be added to the PJI framework in the form of a time-lapse joint inversion. Additionally,

it might be worth to explore the possibility to impose time-lapse petrophysical
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constraints on selected phases, e.g., temperature dependent constraints on the ice

content whereas the other phases remain unconstrained. Considering the expected

system dynamics the use of individual spatial and temporal regularization strategies

for the different phases should be investigated. Such an approach would allow the

PJI, e.g., to solve for large contrasts in one parameter and use a smoothness

constraint for another one, and thus, might permit to enhance the estimates for the

constituents of the four phase system in both space and time.

With regard to the long-term permafrost monitoring at Hoher Sonnblick, we

propose to establish a geophysical monitoring collecting seismic and electric data on

an annual basis. This would allow to assess variations in the water and ice content,

which in turn might help to get a better understanding of the groundwater system in

the summit area. To obtain information regarding the water, air, ice and rock content

for the entire summit area, we suggest to conduct SRT, ERT and GPR investigations

along multiple profiles. Depending on the SRT measurement scheme such data set

would permit a quasi-3D or even a real 3D PJI of ERT and SRT data in an alpine

permafrost site.
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CONCLUSION

In our study, we presented the application of a petrophysical joint inversion

(PJI) scheme to solve for variations in subsurface water and ice contents and

investigated the possibility to improve the quantitative reconstruction capabilities

based on the incorporation of prior knowledge in the form of both structural and

porosity constraints.

The results of the synthetic study highlighted that the PJI might not solve for

the true rock and ice content due to the similar physical properties of rock and ice.

Instead, the stability of the PJI can be improved by incorporating structural or

petrophysical constraints, or a combination of both. Despite the substantial sensitivity

of the estimates for the ice and rock content to inaccurate constraints, the values

resolved through the constrained PJI still sufficiently approximate the true values and

might even provide improved estimates compared to the independent inversion and

the unconstrained PJI.

For our study at the summit of Hoher Sonnblick, we demonstrated that the

collection of time-lapse data sets allows for the evaluation and improvement of the
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consistency in the water, air, ice and rock content models resolved through the PJI.

In agreement with our numerical study, the prescription of a common porosity model

in the PJI for the different time steps permitted to overcome the estimation of

implausible ice and rock contents in case of a weak contrast in the physical

properties of these two phases. Based on our results, we conclude that the joint

inversion of collocated seismic and electrical data sets permitted to extend our

understanding about the subsurface conditions at the summit of Hoher Sonnblick and

the accompanying seasonal changes.
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Figure 1. The summit of Hoher Sonnblick (Austria): (a) Map of the summit area

showing the locations of geophones, shots and electrodes (red symbols) and the

positions of the boreholes (gray circles). Steep walls form the boundaries of the

summit pyramid to the North-West (green), North (orange) and East (blue).

Orthophoto published by the government of Carinthia (flights between 2013 and

2015). (b) Aerial photo showing the exposed location of the observatory situated on

top of the summit pyramid (provided by Dr. Elke Ludewig). (c) The study area located

on the South-East facing slope as seen from the foot of the summit pyramid. (d)

Pictures taken during data acquisition illustrating the composition of the debris cover.

Figure 2. Complementary information available for the study area at Hoher Sonnblick.

(a) Thickness of fractured rock layer as obtained from drill logs and the length of rock

bolts installed in the three major rock walls. (b) The average air temperature

observed between 2014 and 2019. (c) The average active layer thickness (ALT) as

derived from rock temperatures collected in borehole A between 2014 and 2018.

Vertical black lines in (b) and (c) illustrate times of ERT and SRT field campaigns.
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Figure 3. Synthetic study comparing different inversion strategies against the true

model. The ability of (a) the structurally constrained PJI and (b) the PJI with structural

and porosity constraints to resolve the water, ice, air and rock contents of the

synthetic model is evaluated based on five scenarios referring to different

assumptions regarding the a priori knowledge of interface depths and porosity

distribution, i.e., the effect of wrong a priori information on the inversion results is

investigated.

Figure 4. Joint interpretation of results obtained from different geophysical data sets

collected at Hoher Sonnblick in 2019. Black circles in (a)-(f) indicate the sensor/shot

positions. Seismic Refraction Tomography (SRT) results for data collected in (a) June

2019 and (b) October 2019. Electrical Resistivity Tomography (ERT) results for data

collected in (a) June 2019 and (b) October 2019. (e) The radargram collected during

the June 2019 Ground-penetrating Radar (GPR) campaign. The resolved subsurface

model (f) refers to a three layer case.
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Figure 5. Monthly median borehole temperatures observed in borehole A between

2014 and 2018 (gray lines) and seismic velocities resolved through smooth-

constrained inversion in the vicinity of the borehole (color-coded line). The horizontal

solid black line illustrates the bedrock depth obtained by Schéner et al. (2012b) through

modelling of the thermal diffusivity based on rock temperatures observed in borehole

B. The horizontal dashed black line corresponds to the modelled bedrock depth

corrected considering the larger debris cover thickness in the vicinity of borehole A

(derived from GPR data).

Figure 6. Imaging results for the seismic and electric data sets collected at Hoher

Sonnblick in June 2019 and October 2019 resolved through (a) conventional

inversion and subsequent transformation by means of a petrophysical model, (b)

unconstrained petrophysical joint inversion, and (c) structurally constrained

petrophysical joint inversion. Black circles indicate the sensor/shot positions.

Page 70 of 82



Page 71 of 82

Geophysics Manuscript, Accepted Pending: For Review Not Production

Geophysics 71

Figure 7. Temporal changes (i.e., absolute differences) between June 2019 and

October 2019 in the imaging results resolved through (a) conventional inversion and

subsequent transformation by means of a petrophysical model, (b) unconstrained

petrophysical joint inversion, and (c) structurally constrained joint inversion. Black

circles indicate the sensor/shot positions.

Figure 8. Subsurface models resolved through structurally constrained petrophysical

joint inversion for the electric and seismic data sets collected in (a) June 2019 and (b)

October 2019, and (c) the corresponding temporal changes. In the inversions, we

prescribed the porosity model resolved for the October 2019 data set obtained

through the unconstrained petrophysical joint inversion. Black circles indicate the

sensor/shot positions.
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Table 1. Petrophysical parameters used for the application of the 4PM and in the

petrophysical joint inversion as obtained from permafrost literature (e.g., Hauck and
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limitations of the constrained PJI approaches.
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Figure 1. The summit of Hoher Sonnblick (Austria): (a) Map of the summit area showing the locations of
geophones, shots and electrodes (red symbols) and the positions of the boreholes (gray circles). Steep walls
form the boundaries of the summit pyramid to the North-West (green), North (orange) and East (blue).
Orthophoto published by the government of Carinthia (flights between 2013 and 2015). (b) Aerial photo
showing the exposed location of the observatory situated on top of the summit pyramid (provided by Dr.
Elke Ludewig). (c) The study area located on the South-East facing slope as seen from the foot of the
summit pyramid. (d) Pictures taken during data acquisition illustrating the composition of the debris cover.
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Figure 2. Complementary information available for the study area at Hoher Sonnblick. (a) Thickness of
fractured rock layer as obtained from drill logs and the length of rock bolts installed in the three major rock
walls. (b) The average air temperature observed between 2014 and 2019. (c) The average active layer
thickness (ALT) as derived from rock temperatures collected in borehole A between 2014 and 2018. Vertical
black lines in (b) and (c) illustrate times of ERT and SRT field campaigns.
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Figure 3. Synthetic study comparing different inversion strategies against the true model. The ability of (a)
the structurally constrained PJI and (b) the PJI with structural and porosity constraints to resolve the water,
ice, air and rock contents of the synthetic model is evaluated based on five scenarios referring to different
assumptions regarding the a priori knowledge of interface depths and porosity distribution, i.e., the effect of
wrong a priori information on the inversion results is investigated.
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Figure 4. Joint interpretation of results obtained from different geophysical data sets collected at Hoher
Sonnblick in 2019. Black circles in (a)-(f) indicate the sensor/shot positions. Seismic Refraction Tomography
(SRT) results for data collected in (@) June 2019 and (b) October 2019. Electrical Resistivity Tomography
(ERT) results for data collected in (a) June 2019 and (b) October 2019. (e) The radargram collected during
the June 2019 Ground-penetrating Radar (GPR) campaign. The resolved subsurface model (f) refers to a

three layer case.
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Figure 5. Monthly median borehole temperatures observed in borehole A between 2014 and 2018 (gray
lines) and seismic velocities resolved through smooth-constrained inversion in the vicinity of the borehole
(color-coded line). The horizontal solid black line illustrates the bedrock depth obtained by Schéner et al.
(2012b) through modelling of the thermal diffusivity based on rock temperatures observed in borehole B.

The horizontal dashed black line corresponds to the modelled bedrock depth corrected considering the larger
debris cover thickness in the vicinity of borehole A (derived from GPR data).
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Figure 6. Imaging results for the seismic and electric data sets collected at Hoher Sonnblick in June 2019
and October 2019 resolved through (a) conventional inversion and subsequent transformation by means of a
petrophysical model, (b) unconstrained petrophysical joint inversion, and (c) structurally constrained
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Figure 7. Temporal changes (i.e., absolute differences) between June 2019 and October 2019 in the imaging
results resolved through (a) conventional inversion and subsequent transformation by means of a
petrophysical model, (b) unconstrained petrophysical joint inversion, and (c) structurally constrained joint
inversion. Black circles indicate the sensor/shot positions.
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Figure 8. Subsurface models resolved through structurally constrained petrophysical joint inversion for the
electric and seismic data sets collected in (a) June 2019 and (b) October 2019, and (c) the corresponding
temporal changes. In the inversions, we prescribed the porosity model resolved for the October 2019 data
set obtained through the unconstrained petrophysical joint inversion. Black circles indicate the sensor/shot

positions.
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Archie parameters

Constituent velocities

Parameter | Value Unit Parameter | Value Unit
Pw 220 Om Vi 1500 ms™’
n 2.4 - Vi 3750 ms™"
m 1.4 - Va 330 ms™

Vv, 5000 ms™"
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Scenario | Shallow Deep interface | Porosity model
interface

1 True depth True depth True

2 +2 m depth True depth Approximated (kNN smoothing and
random noise)

3 True depth +2m depth Approximated (kNN smoothing and
random noise)

4 True depth True depth Approximated and values
decreased by 15 %

5 True depth True depth Approximated and values

increased by 15 %
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