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. Introduction and State of the Art

* Climate change — permafrost degradation > monitoring of the ice
content has become an essential task also in the European Alps

 Permafrost measurements
* Borehole temperatures (only point information)

e Geophysical measurements: Electrical Resistivity Tomography (ERT),
Refraction Seismic Tomography (RST) — standard measurement techniques in

permafrost , o
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- . Introduction and State of the Art e
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e But still some remaining ambuiguities between ice and rock matrix

Since resistivity and P-wave velocity of ice and rock are often too similar to be
distinguished by ERT and RST alone — additional information is needed
Therefore we propose and test the applicability of a new method: Induced

Polarization (IP) — Complex Resistivity Tomography C
EGUseny 2020
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< . Induced Polarization and Polarization Mechanisms n M g

Induced Polarization

In Frequency Domain:

- An alternating current is injected at low frequencies
(commonly below 1 kHz on the field and below
50 kHz in the laboratory)

- In polarizable materials we observe a phase-shift
(p) between the injected current and measured
voltage

- Complex electrical resistivity/conductivity
expressed in terms of the real and imaginary
time components or by its magnitude (ratio

alternating
current

magnitude

voltage voltage/current) and phase (shift between
voltage/current)
p*=p +ip” =loglpl + i - Real part: Conduction mechanisms

- Imaginary part: Polarization processes @UEE;‘:K‘A.YZOZO
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. Induced Polarization and Polarization Mechanisms

Spectral Induced Polarization

- Repetition of the measurement at different
frequencies (0.01-1000 Hz)

- To gain information about the frequency-dependence
of the electrical properties (resistivity and IP)

- Fast polarization effects — e.g., small grains — take place at
high frequencies (small pulse lengths)

- Slow polarization effects — e.g., big grains — take place at low
frequencies (high pulse oo ~

o
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(EGUszsi, 2020
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Polarization mechanisms in permafrost environments

Theinversion of thedata 1 plom] e’ | ¢ [mrad)
A

allows us to resolve for the .| 050 | 4 “
electrical resistivity (p [Qm]) > £ 2075 /i '

and the phase (¢ [mrad]) or .. il
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component of the complex =
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materials

Hypotheses: IP anomalies are caused due to the contact of different media:

air/rock air/water air/ice rock/ice rock/water water/ice

?

no IP effect noIP effect nolIP effect  noIP effect = medium IP effect high IP effect

(ESUszsi, 2020
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_@ Applicability of IP method for Alpine Permafrost

Challenges of collecting reliable SIP data at the field-scale?

* Heavy equipment, high electrode contact resistances (sometimes >100 kilo Ohms) because of
blocky surface = weak signal strength, low current injections (as for ERT surveys)

» Additional challenges for SIP: polarization of the electrodes, anthropogenic structures (high

metal content), electromagnetic coupling (cross-talking with the cables, induction effects in the
ground)

* How much can we trust
in our data?

To enhance data quality of field

SIP measurements
e Tests of different measuremt
protocols and cable layouts

* |dentification and quantification of
errors in the data

General

Assembly



‘ﬁ Applicability of IP method for Alpine Permafrost E=I

Electromagnetic coupling

* Main limitation of field frequency-domain SIP imaging: contamination of the data
due to parasitic electromagnetic fields (especially at frequencies above 10 Hz)

* EM coupling caused by inductive or capacitive sources

* Cross talking between cables used for current injection and voltage measurements,
induction of EM fields = tests of different cable-setups for an improvement in data quality

Separation of current and potential cables “oaxial cables (shielded cables)

-
-

resistivity
and IP
instrument

stainless steel

electrodes multicore

cable

relay switch

(b)

resistivity | __ A=
and IP stainless steel
instrument electrodes

2 multicore
cables

Dahlin and Zhou, 2012

relay switch 1

@ug,ﬁag.yéozo
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‘ﬁ Applicability of IP method for Alpine Permafrost E=I

Removal of outliers and quantification of data error via normal and

reciprocal analysis

 Normal and reciprocal (N&R) measurements refer to a repetition of the measurement by
interchanging current and potential dipoles — used to identify outliers, quantify the data quality and
the data error, filtering approach: Flores-Orozco, 2019
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Extensive field tests in LAPIRES, Valais Alps, Swiss Alps

b
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- large NE oriented talus slope (~500m width)

- composition of the talus slope defined from four boreholes, geophysical measurements and ground
temperature records

- metamorphic blocks (mainly gneiss and schists)

- temperate permafrost close to the melting point (internal air circulation “chimney effect”)

- ice rich permafrost body (15m), 4 - 5.5m thick active layer

(EGUszsi, 2020
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\. Lapires - applicability of IP method for Alpine Permafrost &"*

Extensive field tests in LAPIRES, Valais Alps, Swiss Alps

Analysis: Christian Scapozza

T FI/LAP 1108 mmmmn.

We chose this site due to: ; _—
- the spatial variable, but clearly defined

ground ice occurrences o
- Comparatively high ice content % EEEEEEEEEE S
- 4 boreholes £
- Extensive additional geophysical data § [mmmRETT

present T oo
- Medium size blocks at the surface

(average for permafrost) G e s s
- All contacts between different media W

(air/ice, rock/ice, water/ice etc.)

potentially present = mm

@G ljﬁié‘:r?éuy 2020



¢ Additional qualitative or spatial information from IP response &*
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Mapping of complex resistivity
(Dipole Dipole: 0.5-225Hz,
Multiple Gradient: 0.1-225Hz)

- Profiles P2, P3, P4, P5 with 10m
electrode separation

- Profile P1 with 5m electrode
separation

- ERT monitoring profile with 3m
electrode separation

- The blue polygon marks
permafrost occurence defined by
previous studies (Staub et al.,
2015)
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‘mwitional qualitative or spatial information from IP response &*

* Are we able to see a difference in our spectral induced polarization data for ice-

rich areas and areas without ice?
* Therefore, we first had a look into our raw data (the electrical impedance)

— apparent resistivty and phase for different frequencies and observed the

lateral change of the quantities
200 | 200 |
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Lateral change in apparent resistivity
collected along profile P2 for selected dipoles
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- High apparent resistivity values for all
frequencies for the ice-rich part of the
profiles are observed

- No frequency dependence
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‘mwitional qualitative or spatial information from IP response

Lateral change in apparent phase

collected along profile P2 for selected dipoles
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—> For ice-rich parts: higher polarization response,
constant increase of polarization measurements
from 7.5 Hz

—> For parts with no ice, lower polarization
response, the increase with frequency is smaller
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@Addltlonal qualitative or spatial information from IP response &

* Are we able to see a difference in our spectral induced polarization data for ice-
rich areas and areas without ice?
Inversion results at different

frequencies - imaginary part of
complex resistivity

real part of complex

resistivity 2500
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Observations:

- Frequency dependence in polarization response
- Lateral change in polarization response

- Change in depth

LAP2-75Hz
=
= 2450 |,
2400
0 200
x [m]
LAP2-7.5Hz
2500 ‘J
E
2450 | v
2400
0 200
x [m]
LAP2-1Hz
2500 ’
o
0450 | .2
- .
2400
0 200
x [m]

1.5

-Iog10 p [ m]

LAP2-37.5Hz
2500 ,J
E 2450
2400
0 200
x [m]
LAP2-5Hz
2500 J
— o
2450 |
2400
0 200
x [m]
LAP2-0.5Hz
2500 /
Eoaso|
2400
0 200

(ESUsR, 2020



* Extracted complex resistivity values in ice-rich part and part with noice  Eus -
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~ - IPresponse at different permafrost sites

We tested the method at 8 different permafrost sites within the Swiss, Italian and
Austrian Alps covering different ice contents and contacts between materials

(e.g. wet, dry, coarse blocky, bedrock sites etc). Here we show 3 additional sites.
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Sonnblick = 3106m

Austrian Central Alps

Mean annual air temperatures
~-4.7°C

Geology of the Tauernfenster
(mainly granite gneiss with
potash feldspar)

3 boreholes of 20m depth
ALT around 1-2m

What was the aim of the
study: Additional information
from SIP?

Additional information for
validation: Refraction Seismic
Tomography, Electromagnetic
measurements, GPR

EGU
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Assembly
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IP response measured at Sonnblick, Austria -

* Complex resistivity data collected along a profile in vicinity of the 3 boreholes
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.. Schilthorn, Switzerland

» Schilthorn —2970m a.s.l., Bernese Alps

» Lithology dominated by micaceous shales
deeply weathered — bedrock with a layer of
fine-grained debris (sandy and silty material)

» 4 boreholes (temperate permafrost)

» Permafrost thickness at least 100m, active
layer depths of about 5m

» What did we measure: 1.3 km profile from
permafrost to non-permafrost

» What was the aim of the study: Can we see a
change in the SIP data?

» Additional information for validation:
Refraction Seismic Tomography and
Electromagnetic measurements

Legende : | 300 o & ERT Monitoring

Permafrost lokal méalich, fleckenhaft haufig
B9 permafrost lokal méglich, fleckenhatt bis arossflachig

B Permafrost fidchenhaft wahrscheinlich
B poimarrostfischenhatt wahrscheinlich, Machtigkeit zunehmend EG U General O O
B pomafrost flachenhatt wahrscheinlich, zT. grosse Machtigkeiten bis dber 100 m Assembly 2 2
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Schilthorn — long profile permafrost — no permafrost

* First SIP results for profile 2
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. Cervinia — Italy m

- Cime Bianche monitoring site

- located in the Western Alps at the head | | I
of the Valtournenche valley z | : E

- Altitude: 3100 ma.s.l. i . e

- Homogeneous bedrock lithology mainly
consisting of garnetiferous micaschists | o om w0

and calcschists with a cover of coarse-
debris deposits (thickness ranging from
few centimeters to a couple of meters)

- ALT of about 5m SIP measurements:
2 & 2018

2019 |
SIP Monitoring profile
Installation Oct2019

(EGUszsi, 2020



. Cervinia — Monitoring profile

* Complex resistivity data collected along the Monitoring profile in October 2019
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different frequencies -
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(EGUszsi, 2020



-ﬁ Why the low frequencies?

* Higher frequencies (>10 Hz) show a dispersion phenomenon occuring under
freezing conditions which could be related to the

 polarization of ice
» superposed by the Maxwell-Wagner
polarization mechanism

(see Duvillard, 2018)

e At the field-scale:

e Decreasing data quality at higher frequencies
(electromagnetic coupling)

- Comparison of different sites at lower frequencies (1 Hz)

e SIP measurements at higher frequencies— see PICO Jonas Limbrock
(EGUszsi, 2020



\ UNI
L] [ ] [ ] L] L] FR
R Complex resistivity range at different sites (1 Hz) o
Schilthorn Cervinia
SCH2-1Hz SCH2-1H - ER2-1H ; ;
600 800 T L 1000 . CER2-1Hz sy CER2-1Hz CER2-1Hz
1000
600 800
400 800
400 600 2000
400 600
200 200 400 1000 400
200 200 d 200
0 0 0 0 0 0 hh“
3 4 5 1 2 3 4 -60 -40 -20 3 4 5 1 2 3 4 -60 -40 20 0
log,, p " [2 m] log,, p " [©2 M] ¢ [mrad] log,, p * [©2 m] log,, p " [2 M] ¢ [mrad]
Lapires Sonnblick
LAP2-1Hz LAP2-1Hz SCH2-1Hz SONN2-1Hz SONN2-1Hz SONN2-1Hz
800 800 800 800 800 800
600 600 600 | 600 600 | 600
400 400 400 400 400 400
0 , 0 0 0 0 0
3 4 5 60 -40 -20 3 4 5 1 2 3 -60 -40 -20 0
log,, p " [Q m] ¢ [mrad] log,, p " [©2 m] log,y p " [0 m] ¢ [mrad]

(ESUsR, 2020



\Ii'f/,

/ , UNI
;@ Conclusion and Outlook FR

* We detected a clear difference in the polarization signal between ice-rich parts and parts
without ice

* We see a change in different sites showing that the complex resistivity is a good tool to
characterize lithological changes and variations in ice content

* To fully understand the polarization signal for all permafrost environments — further
analysis of all sites and comparison with SIP laboratory studies (Uni Bonn) necessary

e Outlook: monitoring profile Cervinia — investigation of the temporal changes in the
polarization processes

* Further studies: field and laboratory studies at higher frequencies (<45 kHz) polarization
of ice

— Improved thermal characterization of alpine permafrost sites by broadband SIP measurements
Jonas Limbrock, Maximilian Weigand and Andreas Kemna - D2652 | EGU2020-20081

(ESUsR, 2020
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