
D2651 | EGU2020-10131

Theresa Maierhofer, Timea Katona, Christin Hilbich, Christian Hauck, Adrian Flores-Orozco

Stockhorn, 2019

Prospecting alpine permafrost with Spectral Induced 
Polarization in different geomorphological landforms



Introduction and State of the Art

ÅClimatechange ςpermafrost degradationĄmonitoring of the ice 
content has become an essential task also in the European Alps

ÅPermafrost measurements
ÅBorehole temperatures (only point information)

ÅGeophysical measurements: Electrical Resistivity Tomography (ERT), 
Refraction Seismic Tomography (RST) ςstandard measurement techniques in 
permafrost

Measuredquantity: 
P-wavevelocity

Measuredquantity: 
Resistance

RefractionSeismicTomography
ElectricalResistivityTomography

Mollaret et 
al., 2020



Introduction and State of the Art

ÅJoint inversion of ERT-RST to 
estimate the volumetric 
fractions of liquid water, ice and 
air and rock matrix ςColine 
Mollaret and Florian Wagner
ÅJoint inversion contributes to 

improved quantification of 
water ice and air

ÅBut still someremainingambuiguitiesbetweeniceand rock matrix
Sinceresistivityand P-wavevelocityof iceand rock are often too similarto be
distinguishedby ERT and RST aloneςadditionalinformation isneeded
Thereforewe propose and test the applicabilityof a new method: Induced
Polarization(IP)ςComplexResistivityTomography

Mollaret et al., 2020



InducedPolarizationand PolarizationMechanisms

InducedPolarization

In FrequencyDomain:

- An alternatingcurrent is injectedat low frequencies
(commonlybelow1 kHz on the field and below
50 kHz in the laboratory)

- In polarizablematerialswe observe a phase-shift 
( )˒ betweenthe injectedcurrentand measured
voltage

- Complexelectricalresistivity/conductivity
expressedin termsof the real and imaginary
components or by its magnitude (ratio 
voltage/current) and phase (shift between
voltage/current)

- Real part: Conduction mechanisms

- Imaginarypart:  Polarizationprocesses

*́ = Ώ Ҍ ƛΏΩ Ґ ƭƻƎ ˱́˱ + i˒

FLUID



InducedPolarizationand PolarizationMechanisms

Spectral InducedPolarization

- Repetitionof the measurementat different
frequencies(0.01-1000 Hz)

- To gain information about the frequency-dependence
of the electricalproperties(resistivityand IP)

- Fastpolarizationeffectsςe.g., smallgrains ςtakeplace at 
high frequencies(smallpulse lengths)

- Slow polarizationeffectsςe.g., biggrains ςtakeplace at low
frequencies(high pulse

lengths)

DAS-1 (TDIP and FDIP measurementsat 
frequenciesbetween0.01-225 Hz)



Hypotheses

Polarizationmechanismsin permafrost environments

The inversion of the data 
allowsus to resolvefor the 
electricalresistivity( [́ʍm]) 
and the phase (˒ [mrad]) or 
the real (́ Ω [ʍm]) and 
imaginary( ΏΩ [ʍm]) 
component of the complex
resistivityof subsurface
materials

Hypotheses: IP anomalies are causeddue to the contact of different media:  

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

no IP effect no IP effect no IP effect no IP effect medium IP effect high IP effect

[́ʍm] [˒mrad]

?



Applicabilityof IP methodfor Alpine Permafrost

Challenges of collectingreliable SIP data at the field-scale?
ÅHeavy equipment, high electrode contact resistances (sometimes >100 kilo Ohms) because of 

blocky surface Ąweak signal strength, low current injections (as for ERT surveys)

ÅAdditional challenges for SIP: polarization of the electrodes, anthropogenic structures (high 
metal content), electromagnetic coupling (cross-talking with the cables, induction effects in the 
ground)

ÅHow much can we trust                                                                                                      
in our data?

To enhance data quality of field 
SIP measurements
ÅTests of different measuremt

protocolsand cablelayouts
Å Identification and quantification of 

errorsin the data



Applicabilityof IP methodfor Alpine Permafrost

Electromagneticcoupling

ÅMain limitation of field frequency-domainSIP imaging: contamination of the data 
due to parasiticelectromagneticfields(especiallyat frequenciesabove10 Hz)

ÅEM couplingcausedby inductive or capacitive sources
ÅCross talkingbetweencablesusedfor current injection and voltage measurements, 

induction of EM fieldsĄ tests of different cable-setups for an improvementin data quality

Dahlinand Zhou, 2012 

Separationof current and potential cables Coaxial cables(shieldedcables)



Applicabilityof IP methodfor Alpine Permafrost

Removalof outliers and quantification of data error via normal and 
reciprocalanalysis

Å Normal and reciprocal(N&R) measurementsrefer to a repetition of the measurementby 
interchangingcurrentand potential dipolesςusedto identify outliers, quantifythe data qualityand 
the data error, filtering approach: Flores-Orozco, 2019

Pseudosectionof apparent 
resistivityand phase

normal

reciprocal

normal

reciprocal

ABMN



LAPIRES, Switzerland

- 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 ŀƛǊ ŎƛǊŎǳƭŀǘƛƻƴ άŎƘƛƳƴŜȅ ŜŦŦŜŎǘέύ
- ice rich permafrost body (15m), 4 - 5.5m thick active layer

Extensive field tests in LAPIRES, Valais Alps, SwissAlps

Delaloye, 2004 Staub et al. 2015



Lapires- applicabilityof IP methodfor Alpine Permafrost

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

ground ice occurrences
- Comparatively high ice content
- 4 boreholes
- Extensive additional geophysical data 

present
- Medium size blocks at the surface 

(average for permafrost)
- All contacts between different media 

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

Extensive field tests in LAPIRES, Valais Alps, SwissAlps
F1 / LAP_1108

Analysis: Christian Scapozza



Additional qualitative or spatial information from IP response

Mapping of complexresistivity
(Dipole Dipole: 0.5-225Hz, 
Multiple Gradient: 0.1-225Hz)

- ProfilesP2, P3, P4, P5 with 10m 
electrodeseparation

- Profile P1 with 5m electrode
separation

- ERT monitoringprofile with 3m 
electrodeseparation

- The bluepolygonmarks
permafrostoccurencedefinedby
previousstudies(Staub et al., 
2015)

P2

P3

ice

fine-grained
material

no-ice



ÅAre we able to seea differencein our spectral inducedpolarizationdata for ice-
richareas and areas without ice?
Å Therefore, we first hada look into our raw data (the electricalimpedance)                   
Ą apparent resistivtyand phase for different frequenciesand observedthe 
lateralchange of the quantities

-

Additional qualitative or spatial information from IP response

0.5 Hz 0.5 Hz



in a given pseudodepth of  P2 

Ą High apparent resistivityvalues for all 
frequenciesfor the ice-rich part of the 
profiles are observed

Ą No frequencydependence

Lateralchange in apparent resistivity
collectedalongprofile P2 for selecteddipoles

Lateral change in apparent resistivity

in a given pseudodepth of  P2 

Additional qualitative or spatial information from IP response



in a given pseudodepth of  P2 

Ą For ice-rich parts: higherpolarizationresponse, 
constant increaseof polarizationmeasurements
from 7.5 Hz

Ą For parts with no ice, lower polarization
response, the increasewith frequency issmaller

Lateralchange in apparent phase
collectedalongprofile P2 for selecteddipoles

Lateral change in apparent phase

in a given pseudodepth of  P2 

Additional qualitative or spatial information from IP response



ÅAre we able to seea differencein our spectral inducedpolarizationdata for ice-
richareas and areas without ice?

Inversion resultsat different
frequencies- imaginarypart of 
complexresistivity

Observations:
- Frequencydependencein polarizationresponse
- Lateralchange in polarizationresponse
- Change in depth

real part of complex
resistivity

Additional qualitative or spatial information from IP response



ÅExtractedcomplexresistivityvalues in ice-rich part and part with no ice

NO ICE ICE

- Values of the real part of the complexresistivitybetween
3.4-3.8 ʍm in logarithmicscale

- Values of imaginarypart of the complexresistivitybetween
1.7-2.5 ʍm in logarithmicscale

- no change in depth

no ice

ice

- Values of the real part of the complexresistivitybetween4.2-4.6 
ʍm in logarithmicscale

- Values of imaginarypart of the complexreesistivitybetween2.5-
3.8 ʍm in logarithmicscale

- Change in depth: frequencydependencein imaginarypart more 
pronouncedfor first 20 metresthan for deeperparts

log10 Ώ ώʍm] log10 ΏΩ ώʍm] log10 Ώ ώʍm] log10 ΏΩ ώʍm] 

Additional qualitative or spatial information from IP response



IP responseat differentpermafrost sites

We testedthe methodat 8 different permafrost sites within the Swiss, Italianand 
AustrianAlpscoveringdifferent icecontents and contacts betweenmaterials
(e.g. wet, dry, coarseblocky, bedrocksites etc). Herewe show 3 additionalsites.

Measurements2018:
- Lapires
- Cervinia
- Schilthorn
- Stockhorn
- Murtel
- Sonnblick
- Hundshore
- Tierhöri

Measurements2019:
- Lapires
- Cervinia
- Schilthorn
- Stockhorn
- Murtel
- Sonnblick
- Totalphorn
- Spitze Stei/Oeschinensee

Legend:

2018

2019

Cervinia

Sonnblick

Lapires

Schilthorn



ü Sonnblick ς3106m
ü Austrian Central Alps
ü Meanannualair temperatures

~-4.7°C
ü Geologyof the Tauernfenster 

(mainlygranitegneisswith
potashfeldspar)

ü 3 boreholesof 20m depth
ü ALT around1-2m
ü Whatwas the aimof the

study: Additional information
from SIP?

ü Additional information for
validation: RefractionSeismic
Tomography, Electromagnetic
measurements, GPR

Sonnblick, Austria



ÅComplexresistivitydata collectedalonga profile in vicinityof the 3 boreholes

Inversion resultsat different
frequencies- imaginarypart of 
complexresistivityreal part of complex

resistivity

IP responsemeasuredat Sonnblick, Austria



ü Schilthornς2970m a.s.l., BerneseAlps
ü Lithologydominatedby micaceousshales

deeplyweatheredςbedrockwith a layerof
fine-graineddebris(sandyandsilty material)

ü 4 boreholes(temperatepermafrost)
ü Permafrost thicknessat least 100m, active

layerdepthsof about5m
ü Whatdid we measure: 1.3 km profile from

permafrostto non-permafrost
ü Whatwas the aimof the study: Can we seea 

changein the SIP data?
ü Additional information for validation: 

RefractionSeismicTomographyand
Electromagneticmeasurements

Schilthorn, Switzerland


