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It is known that induced polarization (IP) effect affects the polarization process on a TEM 
sounding. Usually, it is an effect of electroosmosis type. Numerous formulae, which describe the IP-
effect of electroosmosis type in geological media, are known. The most widely used IP model is 
described by the Cole-Cole formula (Cole and Cole 1941; Pelton et al. 1978). In our calculations, 
we use a simplified Cole-Cole formula, i.e.: 
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where ω represents angular frequency, η is the polarizability and τ is the decay constant.  
This means that η is the ratio of surplus electrical conductance to the electrical conductance 

of the pore fluid. The values of polarizability η ranges from 0, for sediments with large pore spaces 
when the contribution of the electrical double layer (EDL) is negligible, to 1, in sediments such as 
some types of clay, where the pore spaces are very small. 

Many TEM soundings are distorted by the IP effect but not all of the decay curves change in 
sign. However, equations (1) and (2) show that the amplitude of IP effect does not depend neither 
on amplitude of electrical current nor on the current pulses duration.  

The theory of IP effect caused by constrictivity of pores, developed by Zadorozhnaya 
(2008), Zadorozhnaya and Hauger (2009) and Zadorozhnaya and Maré (2011), to explain non-linear 
electrical phenomena measured on saturated samples of porous rocks in laboratory, starts from 
observing that cations in narrow capillaries are more mobile (transfer more electrical charges) than 
anions because in narrow capillaries some anions are adsorbed by the EDL and are immobile. This 
means that the salinity of cations increases. The salinity of anions is increased by the same amount 
(in case of neutrality of solution). Obviously the excess of salinity at the boundary between pores 
depends on time of applied current. If pulse length is short, then the excess of the ions becomes 
small and time of levelling (discharging) is also short. Increasing length of current pulse entails that 
the membrane effect increases. The direction of ions accumulated at the boundaries is the same as 
the current flow (Kobranova 1986). On the other hand the direction of discharge is also the same as 
the direction of transient emf. That is why the resistivity of layers, where membrane IP effect 
occurs, show considerable decrease. 

 
In 2012, the authors carried out a TEM survey in the Northern Apennines composed of 6 

soundings above a subsurface mainly composed by clayey layers. The ZONGE equipment was 
used. All the 6 TEM soundings were registered using different length of current pulses (frequencies 
32, 8 and 4 Hz). Very strange signals were collected. While all decay curves show a typical IP 
effect, three of them (TEMs 1, 2 and 3, acquired on the northern side of the investigated area) 
strongly depend on used exciting frequencies, while the remaining three on the south do not. In 
Fig. 1 TEM 3 and TEM 4 are shown as examples. 

For interpretation of TEM soundings, a 1D modelling and inversion code, written in 
MATLAB by V. Yu. Zadorozhnaya was used. Results of interpretation are given in Table 1. At 
frequency 32 Hz (right model) the section contains relatively resistive (60 – 90 Ωm) first layer, then 
resistivity gradually decreases with depth. The resistivity of deep clay layers is about 0.5 Ωm.  

This geoelectrical structure shows a good agreement with a 2D, DC resistivity inversion 
model obtained nearby TEM 3 (not reported here). However, the resistivity of clay considerably 
decreases when frequencies 8 Hz or 4 Hz have been used (left model). Obviously the resistivity 
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0.05 Ωm is too small to be a realistic value of any shallow formation, even for a submarine clay 
deposit. This effect can be explained if we accept that an additional type of IP effect occurs, due to 
different length of current pulses. We propose that membrane polarization occurring due to 
constrictivity of pores affects the shape of the TEM signals, which depend on the exciting current 
time-span. 
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Fig. 1: Decay curves of TEM soundings 3 and 4. 
 
 
Modelling of TEM 3. Frequency 4-8 Hz Modelling of TEM 3. Frequency 32 Hz 

# of 
layer 

ρ 
resistivity 
(Ω m) 

h 
thick-
ness 
(m) 

η 
chargeability 

τ 
decay 
constant 
(s) 

1 30 30 - - 
2 8 45 - - 
3 0.92 45 0.25 3e-3 
4 0.05 45 0.99 3.5e-3 
5 0.05 45 0.99 3e-3 
6 0.05 45 0.99 3e-3 

# of 
layer 

ρ 
resistivity 
(Ω m) 

h 
thick-
ness 
(m) 

η 
chargeability 

τ 
decay 
constant 
(s) 

1 90 15 - - 
2 12 25 - - 
3 2.3 19 - - 
4 0.5 20 0.25 3.5e-3 
5 0.5 25 0.25 3e-3 
6 0.6 24 0.25 3e-3 

Table 1: 1D models of TEM sounding 3 at 4-8 Hz (left) and at 32 Hz (right). 
 
 
References 
Cole, K.S. and Cole, R.H., 1941. Dispersion and absorption in dielectrics - I alternating current 

characteristics. J. Chem. Phys., 9, 341–352. 
Kobranova, V.N., 1986. Petrophysics (in Russian). Nedra press, Moscow, 392 p. 
Kulikov, A.V. and Shemyakin, E.A., 1978. Electric survey using phase induced polarization method 

(in Russian). Nedra press, Moscow, 157 p. 
Pelton, W.H., Ward, S.H., Hallof, P.G., Sill, W.R. and Nelson, P.H., 1978. Mineral discrimination 

and removal of inductive coupling with multi-frequency IP. Geophysics, 43, 588-609. 
Zadorozhnaya, V., 2008. Resistivity measured by direct and alternating current: why are they 

different? Adv. Geosci., 19, 45-59. 
Zadorozhnaya, V.Yu. and Hauger, M.H., 2009. Mathematical modeling of membrane polarization 

occurring in rocks due to applied electrical field. Izvestiya, Phys. Solid Earth, 45, 1038-1054. 
Zadorozhnaya, V.Yu. and Maré, L.P., 2011. New model of polarization of rocks: theory and 

application. Acta Geophys., 59, 262-295. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /All
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /FRA <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


