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Thesis structureand reading guide

The thesidegins withan abstract written in botanglish and DanishThis is followed by a short
introduction in chapter 1, which summarizes the aim and purpose with the thesis.

In chapter 2 the history and recent development of the induced polarization methefilyis b
mentioned, beforéhe theory of théwo methods used in this thediise resistivity and induced
polarizationmethodis describedAfterwardsthe possible origins to theduced polarization
response arsummarized

Chapter 3 begins with a short somary of the measuremeptocedureand factors that influence
data qualitybefore different array types are explained. This is followed by a comparison of the
previously mentioned array typeas terms of pro and cons facquisition ofinduced polarizatio
dataand the general data qualditained with the array typeafterwards a study of data
repeatability is shown and discussed.

The processing and inversion procedure is described in chapter 4. The processing of resistivity and
induced polarization datwas performed with the Workbench softwaregramdeveloped at
Aarhus University by the HydroGeophysics Group.

In chapter 5 one of thareas of interest, the Eskelund landfgldescribed. The description of
Eskelundandfill is followed by an overvig of the data collected and an interpretation of the
invertedresistivity and induced polarizatiatata.

The second area of intereste Harlgkkdandfill, is described in chapter 6. This is followed by an
overview of the data collected and an intergretaof theinvertedresistivity and induced
polarizationdata.

The most important results are outlined in the conclusion in chapter 7.

In chapter 8 the future development of the induced polarization method and a general outlook is
mentioned.

A list of referenced litterature shown in chapter,9andchapter 1@ontainsa list of all the figures
thatareused in the thesis. Likewise chapter 11 aBddntains dist of the used tables and
appendicegespectively.

The thesis is addressed at the readtr avbasic knowledge of geoelectrical methods, but not
necessarily the induced polarization method.




Abstract

A detailed comparison with focus on sigit@noise aspects and measurement methodology of the
gradient array, the dipoldipolearray and the newly propasknear grid for the acquisition of
induced polarization (IP) data are presented. The comparison was performed by measuring the same
profile with the three array types at the Harlgkke field site in South Jutland, Denmark. By
comparison of the measured ddtavas revealed that especially the geometrical factor has a key
influence on the data quality of the IP data, but also the current level affects the data quality
significantly and should be as high as possible. Furthermuosasi found that electrode polarization
does not influence the data quality. On the basis of the data quality for the three array types it is
concluded that the gradient array is superior to the other array types for the acquisition of IP data,
mainly dueto the lower geometrical factors.

Additionally a study of data repeatability was performed at the Harlgkke site by
measuring the same profile over different timelapses, with exactly the same configuration and
instrumentation setup. The repeatability stoelyealed that the instrumentation is working in a
robust manner and data can be trusted. Another important conclusion is that the data quality is not
influenced by potentials arising from electrochemical processes between the ground and the
electrodes, wen the electrodes are inserted into the ground. In the data repeatability study it was
possibly to attain a threshold value for the IP voltage. If the voltage is above the threshold, good IP
data quality can be expected, which could prove to be imporfaniriation in future IP studies.

Finally a threedimensional characterization of two landfills by a combined use
of the resistivity and IP method was successfully carried out. The first landfill is situated in the
Eskelund area in Aarhus, Denmark. At Heke landfill the waste body was clearly delineated with
the IP method, whereas there was some ambiguity of the resistivity of the waste body due to
differences in saturation and changing lithology at the landfill. An ellog auger drilling with the
additionof IP measurements were performed at Eskelund landfill and proved as a strong tool in the
interpretation process. The second landfill is Harlgkke landfill, where the waste body was clearly
delineated with both methods within the landfill boundaries. Qatsf the landfill borders the
contamination could only be seen with the resistivity method, which reflects that the contamination
is deep lying, where there is a low resolution with the IP method due to the poor data quality with
depth.




Resumeé

Endetaljeret sammenligning méaokus pa signatil -stajforhold og male metodologi for gradient
array, dipoledipole array og det nyligt fremlagte linear grid til indsamling af induceret polarisation
(IP) data preesenteres. Sammeritigrer udfart ved at male det samme profil med de tre array typer
ved Hgrlgkke i Sgnderjylland, Danmark. Ved sammenligning af de malte data, er det klarlagt at
specielt den geometriske faktor har en afgarende indflydelse pa datakvaliteten af IP daggamen o
stramniveauet pavirker datakvaliteten vaesentligt og skal vaere sa hgjt som Yuldlitigere blev

det fundet at elektrogelarisatia ikke pavirker datevaliteten.Pa baggrund af datakvaliteten for de
tre array typer kan det konkluderes at gradierstyaer bedre i forhold til de andre array typsrd
hensyn tilindsamling af IP data, hovedsageligt pa grund af de lavere geometriske faktorer.

Endvidere blev et studie af datareproducerbarhed udfart ved Hanekkat male det
samme profil oveforskellige tidsperioder, med praecis den samme konfiguration og
instrumentopstilling. Studiet klarlagde at instrumentationen virker og man kan stole pa data. En
anden vigtig konklusion er at datakvaliteten ikke er pavirket af potentialer der opstar fra
elektrokemiske processer mellem jorden og elektroderne, nar elektroderne seettes i jorden.
| studiet af datareproducerbarhed var det muligt at finde en greenseveerdi for IP spaendingen.
Hvis spaendingen er over greensevaerdien, kan god IP data kvalitetésrJenlket kan vise sig at
veere vigtig information i fremtidige IP studier.

Afslutningsvisblev en tredimensional karakterist# to lossepladser ved kombineret brug af
resistivitets og IP metoden succesfuldt udfart. Den farste losseplads liggeeluskomradet i
Aarhus, Danmarkved Eskelund lossepladidev fyldet tydeligtkortlagt med IP metoden, hvarod
der varusikkerhed omkringesistiviteten af fyldet grundet forskellenieetning og aendringer i
litologi i lossepladsomradet. En ellog sneglebgnimed IP malinger blev udfert ved Eskelund
losseplads og viste sig at veere et steerkt redskab i tolkningsprocessen. Den anden losseplads er
Harlgkke lossepladsen, hvor fyldet tydeligt blev kortlagt med begge metoder indenfor
lossepladsgraenserne. Udenfadepladsafgraensningerne kunne forureningen kun ses med
resistivitetsmetoden, hvilket reflekterer at forureningen er dybtliggende, hvor der er en lav
oplgsning med IP metoden grundet darlig datakvalitet med dybde.
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1. Introduction

1. Introduction

The induced polarizatiomethod has been used in the field of mineral exploration for decades, but
in recent years a nefound interest in the method has developed, due to its widespread use in
environmental and engineering applications. Although the induced polarization efdmtdén

known for a long time, the method is relatively new and there is still a lot that needs to be better
understood in terms of instrumentation, data acquisition, data quality and inversion of induced
polarization data. This thesis should be seencamtiibution to the ongoing development of the
induced polarization method. The aim with the study is twofold and can be divided into two parts.

Part one is an investigation of sigitainoise ratio and measurement methodology for three
different array tpes. The three array types that are compared are the gradient array, the dipole
dipole array and the newly proposed linear gkiidutorana et al., 2009The comparison is made
on the basis of the data quality of the measured data with the three areaytypeermore a study
of data repeatabilitis carried ouby comparing data from the same profile which has been
measured over several timelapsetgh the purpose of making statistical analysis to clarify if the
measured data can be trusted and hompave data quality.

For part two of the studyhe aim is to make a thremensional characterization of the waste body
at two former landfills by a combined use of the resistivity and induced polarization method. The
former landfills are Eskelund Idfill, which is located ira central part oAarhus city and Harlgkke
landfill, which is located in southern Jutland near Vojens city.

Part two of the study is carried out as a part of the CLIWAT project, which is a European
interregional IVB project caied out in corporation between a number of countries in the North Sea
region. The main focus of the CLIWAT project is determining the effects of climate change on
groundwater systems, which potentially can lead to higher flux to rivers/coastal watarfaret
outwash of nutrients and pollutants from industrial areas, agriculture and landfills.

The CLIWAT project is partly funded by the European Union under the interregional IVB
programme and partly funded by Central Denmark Region, Region Southd,)Aideihus

University and other partners.

The resistivity and induced polarization data have been measured for the study and is supplemented
with borehole data, which is made available by the Central Denmark Region and Region South
Jutland.
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2. Theoretic background for geoelectrical methods

2. Theoretic background for geoelectrical methods

In the followingchapter the history of the induced polarization method is bisefiymarized

before the resistivity and induced polarization theory is explafierwardsthe origins to the
induced polarization respse are describe@he measurement procedure and technique for the
acquisition of resistivity and induced polarization data will be described more detailed in chapter
3.1and 3.3.

2.1 The induced polarization method

In 1913, Conrad Schlumberger was first to observe the inducedlarizationeffect in a minng

region in FranceBut due to World War 1 it took 16 years before Schlumberger introduced the
induced polarization method in the USSR, which lead to further development in the East (USSR,
Yugoshvia and East Germany) and West (USA, Canada and western Europe). At this time the
development had two independent roots, which were well separated in space and time due to
linguistic and political barriers. In the west the development basically beg@d 2y Wwhen the

United States Navy did wartime research on the method, as the Navy believed the method could be
useful for beach mine detection. Due to knowledge of the research, U.S mining companies started to
develop the necessary mathematical theory] fejuipment and practice, and in 1950 induced
polarization surveys for mineral exploration was a reality both in the west and in the USSR.

Actually thetheoretical and field practica the induced polarization method had already reached a
high standard b§950 in the USSR, due to intense research only interrupted by World War II.

Since thepresearch at universities and especially the mining and oil industries has resulted in
significant advances in instrumentation, efficient field practice, processthipegrsion of induced
polarization data (Seigel dt, 2007).

Today the induced polarization methodvislely used in the mineral exploration industry to explore

for different types of minerals like; porphyry copper, bedded lead/zinc and suhelag gold

deposits. Although initially designed for mining purposes, the induced polarization method has seen
widespread use in environmental and engineering applications in the last decade. Examples of use is
detecting saltwater intrusions (Slater and Sang/t2002;Viezzoli and Cull, 2005), delineating
contaminantVYanhala 1997;Sogade et al., 2006; Aal et al., 200&rtinho et al.2006 Leroux et

al., 2007), mapping peat stratigraphy (Slater and Reeve, 2002), estimating permeability of lithologic
units(Kemna et al., 2004), mapping seepage and acid drain in tailing dams (Oldenburg, 1996;
Buselli and Lu, 2001) and lithological discrimination (Slater and Lesmes, 2002; Slater and Glaser,
2003; Kemna et al., 2004). The growing use of the inducetipaton method is due to fathtat

data acquisition has become easier and less time consuming, but there is still a lot of improvements
to be done, especially regarding inversion, data acquisitiothemshderstanding of the

fundamental induced polarizationrpeeters.

2.1.1 Resistivity theory

Resistivity measurements are carried out by injealegtrical curreninto the ground and

subsequently measuring the resulting potential differences at the surface. The measured resistivity
depends on the materiglorosity and the pore fluid resistivity. For instance clayey material is
characterized by a low resistivity, because water can diffuse between the mineral grains and thereby
increase the specific surface area, which supports the surface conductiath(Ri006).
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2. Theoretic background for geoelectrical methods

In the field, measurements are carried out by sending current into the ground through two electrodes
(A and B) and measuring the potential difference at a different set of electrodes (M and N), and
thereby getting an estimate of the resisfiaf the ground called the apparent resistivityure

2.1a). The current pattern and equipotential surfaces for a homogenous and isotropic ground is
shown on figure 2.1a.

Equipofent ial - . > Current
a) — )

Figure 2.1, a) Electrical current and potential field in a homogenous gréamdl B are current electrodes and M and

N potential electrodes. b) Sketch showing that by increasing the current electrode spacing, information on the deeper
part of the ground is obtained. Figure from Christensen, 2008.

The potential at any observatipnint at the surface of a homogenous isotropic halfspace can be
expressed as:

i — (Eg. 2.1.1.1)

Where | is the transmitted curreptis the resistivity of the ground and r is the distance from the
observation point at the surface to the point source. With an electrode configuration like the one
shown onigure 2.1a, the potential difference in a homogenous halfspace can be calculated from:

Where |AM|, |BM|, |[AN| and |BN| denote the distance between current and potectiates.
In reality the measured potential rarely comes from a homogeneous halfspace and equation 2.1.1.2
is rewritten to give the apparent resistivity:

<
| <

K (Eq. 2.1.1.3)

b= T T

e ¢ & 8 ¢ 8 ¢ 8

Where K is the geometrical factor, whidepends on the geometry of the chosen electrode
configuration. The apparent resistivity is the resistivity a homogenous halfspace should have to give
the actual measurement.

Different electrode configuratiortgve different penetration depths, but generally when increasing
the distance between current electrodd@srmation on deeper parts of the earth is obtaifigdre
2.1b).

There is an empirical relationship between pore fluid resistivigra bulk resstivity pp, when
performing resistivity measurements (Kirsch, 2006):
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2. Theoretic background for geoelectrical methods

v 270 (Eq. 2.1.1.4)

Where F is the formation factor, which is dependent on the soil porosity, pore shape and diagenetic
cementation. Equation 2.1.1.4 is only vdbd clay-free materials and must be modified for

significant clay content. It follows from equation 2.1.1.4 that if the structural properties of the soil
are constant, the bulk resistivity will directly reflect changes in the pore fluid resistivity, thus

making resistivity measurements dependent on the pore fluid resistivity.

2.1.2 Induced polarization theory

When current is injected into the ground through the electrodes, as previously mentioned in chapter
2.1.1, the current will not reach its stetary valueinstantaneousjybut rise from zero to a steady

value. Likewise, the voltage will not disappear immediately after the current is shut off, but instead
slowly decay over a time interval until it reaches a steady légeiré 2.2). This is caesl by the

induced polarization effect and theagnitudeof the induced polarization effect can be expressed in
terms of the apparent chargeability. The apparent chargeability can in the time domain be calculated
as:

(Eq. 2.1.2.1)

<<|

WhereV . is thedirect currentoltage(also denotethe primaryvoltage)measured at a given time
during application of the curreand is used for calculating the resistivi¢y.is the secondary
voltage integrated over a time inter@atdefined between timeg &nd ¢ after the current is shut
off (figure 2.2).

Voltage (mV)

Vde|--——- .-

Vs —
Z

L

+Time (ms)

<+— Current injection time — |+——Relaxation time —

Figure 2.2, Schematics of thediuced polarization phenomengy is thedirect currenvoltage measured at a given
time during application of the current addisthe secondary voltage integrated over a time window defined between
times § and . The relaxation time is the time it takes for the voltage decay to reach a steady level.

The relaxation time is the timetakes for the voltage decay to reach a steady level and is
characterized by t HigureR.R)nThe valtage detag is typicallg referrecetal U
as the induced polarization decay curve, and stems from a time varying potential origioating
internal currents at the graifiuid interface of polarisable materials. The internal currents originate
from local charge gradients reaching equilibrium after the applied current is shthefirigins to

the induced polarization response willéglainedn detailsin chapter 2.2.

Pages of 88



2. Theoretic background for geoelectrical methods

The induced polarization effect arises because the ground has a capitance, meaning it takes some
time for the ground to charge and discharge after the current is shut on/off. Different materials will
consequenyl have distinctive chargeability values. Whertreesesistivity tells how freely a

material can conduct current, the induced polarization method provides a measure of the
temporarily energy storage capacity of the ground.

2.2 Origins of the induced polaization response

Although, in recent years, there have been much focus on the induced polarization method, the
physiochemical interpretation of induced polarization parameters is not well established or fully
understood. With a better understanding ofrtation between the response of induced

polarization parameters, lithology, saturation and pore fluid propghiegffectiveness of induced
polarization interpretation in environmental investigations would be enhanced. In the following
subchapters thgrincipal mechanisms and models that are believed to be the origin of the induced
polarization response are summariZzEtesemechanisra and modelsiclude the electrical double
layer, membrane polarization, electrode polarization, restrictions irtipra@s, hydrocarbon
contaminated areas, saline areas and peat soils.

2.2.1 Electrical double layer

The surface of silicate mineral grains carries a net negative charge due to surface defects in the
crystalline structure. The net negative chargmimterbalanced by cations attracted to the mineral
grain surface to restore electron neutrality. The counter ions are attached to the mineral grain
surface by physical forces (Van der Waals) or chemical (Covalent) bonds, by which two layers are
formed atthe mineral grairi electrolyte surface; a fixed layer (Stern) formed by adsorption of
cations to the grain surface and a diffuse layer which extends into the porefgpaee2(3).

| —
L7y]
L | 1
1 P | AT .
L ~OH; — C A i ol Figure 2.3, Sketch of the electrical double layer model. Gesemts
dro ok c i cations (e.g. Naor K*) and A anions (e.g. §IThe mineral grains
E | on ; cr 1; C* posses a net negative charge due to defects in their crystalline
5| . EI i c A 8 i E structure and attracts cations so the fixed (Stern) and diffuse layer is
g O = C* f g formed.Modified figure from Leroy et al(2009).
|~ — [
= B3 c 2 | o
Sl EH = -
B ml = c* 5 : &N
G [FOH ! '
+ A I =
8lo——¢ © A
b = ! I
(E —OHE—(I:‘ c i i
L OH | . A
C -
» ; A

The fixed layer is only a few molecular layers thick and the net surface charge on the mineral grain
can be measured by the ion exchange capacity (Sogade et al., 2006). lons from the electrolyte are
consequently bound in the diffuse layerd the charge densities in the diffuse layer are constrained

by the surface charge density in the fixed layer. The fixed and diffuse layer combined constitutes the
electrical double layer. At some distance from the mineral grain surface, the elecsralytdfected

and this zone is called the free electrolyigure 2.3).
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2. Theoretic background for geoelectrical methods

Polarization of the electrical double layer results from local charge concentration gradients
developed upon application of electrical current. Schematics for polarizationedéttecal double
layer around a single mineral grain are shown on figure 2.4. The polarization can be divided into
two steps. First, a displacement of the ions within the electrical double layer following application
of electrical currentby whichlocal charge gradientare developedSecondaredistribution ofthe

ions back to their equilibrium position upon current terminatgving rise tointernal currents at
themineralgrain- fluid interface which resultsn time varying potentials

Figure2.4, Schematics for polarization
of the electrical double layer around a
single mineral grain. Following
application of electrical current, the ions
in the electrical double layer will be
displaced andeveloplocal charge
gradients. Upon termination die
electrical current, the ions will
redistribute back to their equilibrium
position giving rise to internal currents
E=0 E#0 E=0 at the mineral grain fluid interface,
which results in time varying potentials

The relaxation time is the time it takes for an iowiraround the electrical double layer to return

to its equilibrium position upon termination of the applied electrical current. The relaxation time

has usually been explained by the granular model, where mineral grain size is believed to be the
controlling factor on polarization lengths (Schwarz, 1962; Klein and Sill, 1982). According to
Schwarz (1962), the mineral grain can be considered as a small polarizing cell. The relaxation time
of the cell ¢ ) is related to the ion diffusiocoefficient (D) and mineral grain radius (R):

2

t :IZQ_D (Schwarz, 1962) (Eq. 2.21.1)

There is thus a direct relation between the polarizing effect and the mineral grain size, where larger
mineral grain size measlonger relaxation time.

2.2.2 Membrane polarization

Membrane polarization is caused by the presence of clay grains. The clay grains have a negative
surface charge, and to restore electron neutrality, cations froatettteolyte are attracted to the

clay grain surface. Membrane polarization is thus closely related to the electrical double layer, and
likewise there will be a fixed and diffuse layer. In areas where the diffusive layer is thick enough,
membrane zones willevelop. The membrane zones will extend into the pore space, and thereby
selectively only passing ions of a certain size and polarity, which causes local chargemiilds
(Sogade et al., 2006). The mechanism behind membrane polarization is showmeoB.figtiere
cationic clouds, related to clays grains, acts as electronegative membranes between sand grains
(figure 2.5a). During application of an electrical current, the membrane zones enhance the transport
of cations relative to anionfdure 2.5b). ypon termination of the applied current, voltages

resulting from the local charge concentration gradients will slowly decay with tithe ias1s

redistribute back to an equilibrium position (Slater and Sandberg, 2000).
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2. Theoretic background for geoelectrical methods

According to Slater and Lesmes () there is a nefinear relationship between chargeability and
clay content. The ngelinear relationship is caused by a traafebetween increasing polarization

and higher conductivity with increasing clay content.

The optimal clay content, with regartb membrane polarization and high chargeability, is most
likely a few percents clay distributed in the soil, but also depends on clay type, because of varying
ion exchange capacity for different clay types. The induced polarization response is rdtatively

for montmorillonite but higher for kaolinite and illite (Slater ahdsmes, 2002).

Em Ek%"é‘%‘“ Figure 2.5, Schematic of membrane
: polarization. a) Before application of an
electrical current. Cationic clouds,

PPV TP IIIY related to clays, acts as electronegative
@ o : membrane between sand grairs
> e 058 020 grairts

During application of an electrical

current. Membrane zones locally

CLAY PARTICLE WITH enhance the transport of cations relative
NEGATIVE CHARGE to anions, which give rise to local

charge concentration gradients. The

following redistribution of the ions to

an equilbrium position when the

current is shut off, will give an induced

polarization response. Figure from

Slater and Sandberg (2000).

IOME OF 10N DEFICIENCY
MIONS BLOCKED
CATIONS PASS THROUGH

b) 20w GF 1oN
CONCENTRATION

Often minerals like sand and clay are coated with organic matter, which like clays, have a high ion
exchange capacity. kéwise contaminants often form a thin surface coating on mineral grains, so it

is believed that membrane polarization is the mechanism for the induced polarization response seen
in peat and hydrocarbon contaminated areas.

2.2.3 Electrode polarization

Electrode polarization is attributed to metal containing soils, where metallic nsiferala

continuous conduction path, so the current conduction changes from ionic to metallic at the mineral
graini electrolyte surface. According to Slater et al.Q&)) there are two mechanisms attributing to

the polarization seen in metal containing soils;

1 The first mechanism is an accumulation of inactive charge excess or deficits near the metal
grain surface, due to flow of inactive ions in the diffuse layehefdectrical double layer.
The flow of inactive ions is similar to the ion movement in the electrical double layer seen
in nonrmetallic containing soils (Chapter 2.2.1).

1 The second mechanism is caused by a minor concentration of redox active metal ions i
solution, which engages in electrochemical reactions, so clrargder reactions across the
metal mineral graii electrolyte surface occurs.
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2. Theoretic background for geoelectrical methods

2.2.4 Pore throats

Recently a model called the pore throat model has been proposed (Scott and2Ba&eifhe
pore throat model suggests that the relaxation time and thus induced polarization response is
dependent on pore throat size.

Scott and Barker (2003) showed experimentally that the relaxation time is related with localized
charge blockage caed by constrictions in the fluifilled pore space. The pore throat model is
sketched on figure 2.6. Here electrical current give rise to a localized igrbfibaue to

differences in pore throat size a charge blockage arises, which results in aétageiran time of

the ions in the electrical double layer.

(i;ain Surface

Figure 2.6, Pore throat model. Upon application of current, we get a
localized ion flow. Due to differences in pore throat size, a charge
blockage arises, which results in a longer relaxatioe of the ions

in the electrical double layer. Figure from Ulrich and Slater (2004).

2.2.5 Hydrocarbon contamination

Numerous studies have shown that hydrocarbon contaminated areas show an increased induced
polarizd@ion responseManhala 1997;Kemna et al., 2004al et al., 2006Martinho et al. 2006;

Sogade et al., 2006The mechanism behind the polarization response in hydrocarbon contaminated
soils is poorly understood, but can be related to the interaction between the mineral grains and
organic compounds.

There are several possible interaction ways and some of them are described in details in Martinho et
al. (2006) andh\al et al.(2006), and in the following a brief summary of these models will be
mentioned.

The three different models asbown on figure 2.7. One thing they all have in common is that there

is a change in tortudgiand/or porosity of the soil.

(O Clay > ua, C) Clay

@ Organic chemical @ Organic chemical

2D rganic chemical
ST

Figure 2.7, a) Porosity variation as a result of clay grains coated by organic compounds. b) Porosity and tortuosity
variation de to dispersed organic compounds. The organic compounds will occupy parguspdike mineral grains.
c¢) Porosity and tortuosity variation caused by both models. Figure from Martinho et al. (2006).
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2. Theoretic background for geoelectrical methods

Figure 2.7a shows the first model, where clay mingraihs are coated by organic compounds like
hydrocarbons. According to Martinho et al. (2006), this model could explain the induced

polarization response seen in contaminated soils, due to the fact that a larger electrical double layer
is formed. On figue 2.7b a variation in porosity and tortuosity is created, because the pore space is
filled with dispersed organic compounds. Figure 2.7c shows the third model, which is mixture of

the two previously mentioned. Although the first model is the widely acdeptelel, the two other
modek are likely to also be capable of generating the induced polarization response, since with
these models an enhanced electrical double layer is formed due to coating of the mineral grains
and/or change in the pore space duagpeatsed material.

According to Aal et al(2006) micro organisms and microbial activity affect the induced

polarization response by altering the physicochemical properties bydnecarbon contaminated
soil,LBacteriabs wi | |,whchresults in morehoyganic matexial thad sticks to the
particles like a membrane. In the previously mentioned article, it is suggested that this could result
in an enhanced induced polarization response, but it is difficult to estimate how big the response
difference will be and how the biodegradation will affect the signal. Furthermore, the
biodegradation produces organic acids, which when released into the pore fluid, will increase the
measured conductivity. Directly, by increasing the electrolyte concemraind indirectly by

enhancing the dissolution of mineral grains, by which more ions are released into the pore fluid, so
the electrolyte concentrations are further increased.

Clay minerals exhibit a high induced polarization response becattse lwhh ion exchange

capacity and the creation of membrane zones (Chapter 2.2.2). In Aal et al. (2006) it is suggested that
the growth of bacterial cells and their accumulation on mineral grain surfaces, likewise enhances

the induced polarization resp@is hydrocarbon contaminated areas, due to an increase in the
surface area and charge density. On the basis of this theory a simple schematic can be set up for
hydrocarbon contaminated soils. Figure 2.8 shows the two different types of microenviromments;
fresh or biodegraded hydrocarbon contaminated soil.

3 . e b) _
0 Dissolved hydrocarbon Attached bacteria Dissolved hydrocarbon
> 2% i\b
Cation ()
Smoothed soil particle O Dispersed bacteria Etched soil particle Dispersed bacteria
Adsorbed (residual) hydrocarbon Adsorbed (residual) hydrocarbon

A

Modified electrolytic and
interfacial electrical properties

Figure 2.8, a) Fresh hydrocarbon contaminated microenvironment, where the hydrocarbons will replace the pore fluid,
adsorb to mineral grains or dissolve into the water. Characterized by a low ¢eitbyaad induced polarization

response. b) Biodegraded microenvironment, where there is an increase in ionic concentrations because of leaching of
ions from the soitlue tomicrobial colonization of mineral grains, dissolution by organic acids and attattoh

charged microbial cells to mineral grain surfaces. Compared to the fresh hydrocarbon contaminated microenvironment,
the biodegraded microenvironment is characterized by a relatively higher conductivity and induced polarization
response. Figure fromal et al. (2006).
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2. Theoretic background for geoelectrical methods

Figure 2.8a shows a fresh hydrocarbon contaminated microenvironment. As shown on the figure,

the hydrocarbons will replace the pore fluid, and partition into several phases. The hydrocarbons

can adsorb to the mineral grain surface ¢hesi phase), dissolve in the pore fluid (dissolved phase)

or exist as dispersed compounds (free phase). According to Aal et al. (2006) this results in a
decrease igonductivity, since hydrocarbons have higher resistivity than the pore fluid, and a

decreas in the induced polarization response.

When hydrocarbon contaminated soils are modified by microbial degradation, the electrical
properties of the soil is alterei(gur e 2. 8b). Organic acids produ
grain weathering and siolution, resulting in a release of ions. The pore fluid conductivity will thus

be increased and the increase in pore fluid ionic strength further intensifies the attachment of
microbial cells tahemineral grain surfaces. The attachment of microbiatggthcells to the

mineral grain surface is believed to cause an induced polarization response by the same mechanisms
as described for membrane polarization. Compared to the fresh hydrocarbon contaminated
microenvironment, the biodegraded microenvironmgwharacterized by a relatively higher

conductivity and induced polarization response.

It is consequently difficult to predict what the resistivity or chargeability changes will be in
hydrocarbon contaminated arealey may be delineated either as riegesareas, since dispersed
hydrocarbons have a higher resistivity than the pore ftuids conductive areadue to
biodegradation of hydrocarbons that increase the amount of dissolved ions in the pore fluid. But
with combined use of the resistivity am#luced polarization method, one should be #ble

delineate hydrocarbon contaminated soils.

2.2.6 Pore fluid salinity

The induced polarization response will be reduced when saline pore fluid is present in the soil.
Generally the membrane polarizatiwill decrease as pore fluid salinity increases. This is caused
by a decrease in the thickness of the electrical double layer with increasing salinity, since the ion
concentration in the free electrolyte is higher ingthe ions are not at disposal the electrical
double layer.

2.2.7 Peat

The water content in peat soils can be up to 95 %, with the water content varying with degree of
decomposition and the plant types in the peat (Slater and Reeve, 2002). As mentioned in chapter
2.1.1, when the sictural properties of the soil are constant, the bulk resistiyiyilpdirectly

reflect changes in the pore fluid resistivity, thus making resistivity measurements dependent on
the pore fluid resistivity. The resistivity measured in peat soils isegprently strongly dependent

on the pore fluid resistivity, due to the high water content.

Whereas the resistivity method has problems identifying peat because of the strong dependency on
pore fluid resistivity, the induced polarization method has shovioe a good method for

delineation of peat. Peat contains high amounts of decomposed plant materials that have a high
surface charge density, which gives a high ion exchange capacity. The induced polarization
response seen in peat soils is caused byigeshirface charge density and ion exchange capacity

of the decomposed plant materials (Slater and Reeve, 2002).

Pagel0 of 88



3. Method study and development

3. Method study and development

Since the early development of the induced polarization mglittteleffort has been put into study

of datarepeatability and thus an intuitive measure of the reliability of the method. Furthermore the
traditional array types (Wenner, Schlumberger, Difgilgole etc.) have usually been chosen for
induced polarization surveys, since these array types are welhkinom typical geoelectrical

surveys, but they are not necessarily the best for induced polarization measurements.

As a part of my master thesis several tests were performed at Hagrlgkke landfill, to investigate the
previous mentioned issues. The firsttpd the project was a study of several array types for the
acquisition of induced polarization/DC resistivity data. Each array type has its own characteristics
in terms of sensitivity to geological structures, penetration depth, data quality etcgmspazison
betweerseveral datasets using different array types were performed to clarify the advantages and
disadvantages of each array type. The second part was a detailed study of data repéatability
investigate if the data can be trusted and howetdhge best data quality. Before looking into details
with the stidy, the measurement procedueetors that influence data quality and measurement
technique is explained.

3.1 Measurement procedure

When carrying out the measurements meiliéictodesystems ere used. Multelectrode systems

consist of a number of stainless steel electrodes, in this case 84, which are connected to the ground
along a line with the same distance between the electrodes.

The electrodes are through cabtesminected to amstrument which is placed central in the
configuration and controls the switching unit, current waveform etc.

The principle is sketched on figure 3.1. The electrodes function as both current and potential
electrodesWhen measuring, two electrodes funotes stationary current electrodes, while another
two work as potential electrodes. The switching unit within the measuring instrument assigns which
electrodes are used as current and potential electredpgctively For each current injectior0l

potental measurements can be measubedore another two electrodes are assigned as current
electrodes and ten new potential measurementa@asuredThe measurement continues in this
manner until the chosen protocol has finished.

0 P g

e e e e e e e e e e e e e e e e e e o e e e e e e e e e A e e e e e e e e e e oo J l//6//‘/77///’///.////,4'7///%/‘/’/‘7/%///;’7&?’//f////

s

Figure 3.1, etch of the measurement setup. A nhumber of stainless steel electrodes, in this case 84, are placed in the
ground and connected to the instrument through cables. The instrument is placed central in the configuration and
controls the switching unit, curremaveform, stack sizes etc. Electrodes can both function as current and potential
electrodes. The current, 1, is transmitted through two current electrodes and the potential, V, is measured with two
potential electrodes.

Usually four cables with a lettyof 100 meters each are used, so the total length of the layout is
400 meters. For some systems additional cables can be added to increase penetration depth.
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The distance between the electrodes is 5 meter, and it is important that this distancaisaedaint

and the line layout is kept as straight as possible. In the calculation of the geometrical factor, and
hence the apparent resistivitiargeabilitythe distances between the electrodes are used, and here

it is assumed that the distance between fighelectrodes is 5 meters. Depending on the type of
array, an error of a few percent on the distance between the electrodes could thus give en error of a
few percent in the calculation of the apparent resistohigrgeabilityChristensen, 2008).

3.2 Factors that influence data quality

With the induced polarization method, the measured signals are often one per mille to one percent
of thedirect currenvoltage. When dealing with small signals like this, it is crucial to get the best
data qualiy possble, so that the sign#éb-noise ratio is good. Several factors influence data quality

but one of the most important is couplings from cultural sources like fences, power lines, pipelines
etc. Especially in suburban areas like Eskelund, problems withiegsiplue to cultural noise can

be expected, since there are underground cables, gas pipes and transformer stations in the vicinity.
There are two kinds of couplings, called capacitive and galvanic coupling.

Capacitive couplingpccur between the cablesdaiine ground or when the current from the

transmitter comes in contact with buried cables, so-@R_circuit is formed. The electrical circuit
consists of a resistance R, capacitance C and inductance L. Capacitive couplings are identified as
decay curvethat have negative chargeability values throughout the d&ez0li et al., 2008

An example of capacitive coupled data is shown in chapter 4.1.

Galvanic couplingcan arise between the current and potential wires inside the cable or from contact
with fences and power lines. The galvanic coupling is characterized byRarirtuit, where the

current has a galvanic return path to the ground (Christiansen, 2006). Negative early times, but well
behaving middle and late times are characteristic for galvamipled induced polarization data

(Viezzoli et al., 2008

Electrode polarizatioroccurs when a part of the measured signal originates from chargeupuild

on the potential electrodes. Electrode polarization can have two origins. One origin i& when
stainless steel electrode is inserted into the ground. Thdlpiolein the soil containlissociated
inorganic ions and especially close to the surface in the biologically active zone, many organic
compounds. Quickly after the electrode has been putle groundchemical processes will arise

on the surface between the electrode and the ground. The chemical processes give rise to
electrochemical potentials in the order of 100 mV on the electrodes, but the amplitude quickly
decreases in a matter ofMeseconds to 0-1 mV (Christensen, 2008).

Charge buildup on the electrodes also occurs when switching between measuring the potential and
sending out current on the same electrode. If the time between mgaswut sending out current is

not long enoughthere can still be a residual potential on the electrode. There will thus be a charge
build-up between the stainless steel electrode and the surrounding ground of less condutance
charge buileup can last several tens of minutes (Daktial, 2002 and the measured signal is thus
misleading since a part of it stems from charge buddn the electrodes. The removal of the
electrode polarization effect is explained in chapter 3.3.

Selfpotentialsstem from signals of human and natural originleleic currents produce a natural
l evel of electromagnetic noise. These current
field, which are caused by interaction between solar winds and the magnetosphere. Signals of
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human origin from power gridend electrical devices can also produce weak electrical currents.
The potentials are very small, often in the order of few millivolts, but it is enough to disturb induced
polarization measurements.

For all geoelectrical and electromagnetic methods, tkex@lecreasing resolution capability with
depth(Christiansen et al., 2007hus he sighatto-noise ratio willdecrease with depth.

Furthermore, good data quality is also closely related to the strength of the measured signal. In
induced polarizationusveys signals are often in the range of tens of millivolts and in sandy areas,
where one would expect a small induced polarization response, the signal can be verd low (1
millivolts). Assuming that the noise level is constant, the data quality in saadyg will

consequenyl become poor, since the sigialnoise ratio is smaller compared to areas with a higher
signal (hundreds of millivolts).

3.3 Measurement technique

To minimize the problems mentioned in chapter 3.2, various measurement teshamguised to
improve data quality. These techniques include filtering, averaging, alternating current direction,
stacking and logyating. Figure 3.2 shows schematically the different measurement parameters that
are important fothedata quality.

Vdly defines the delay time from which tbeect currenvoltage measurements will be taken into
account after current injection. This delay time permits to be sure that all effects like the induced
polarization effect and electromagnetic responses will haneskedso they will not disturb the
measuremest

Mdly is the delay time from which the induced polarization voltage measurements will be taken into
account after the current is shut off. If this parameter is set too small, it is not entirely tbesearth
induced polarization response that are measured, but also a signal arising fromphsdditer of

the instrument and the results can thus be misleading

Voltage (mV)

4
1
1 1 \‘I
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1 1
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Vily Mély TM;
- Current injection time o Eelaxation tims "

Figure 3.2, Definition of induced polarization measurements parametgris e delayitne from which the direct
current measurements will be taken into accouny, isithe delay time from which the induced polarization
measurements will be taken into accountisMhe partial integral chargeability values and; ¢ width of the IP
windows.

M; is the integral chargeability measurements that all together represent the induced polarization
response of thground The decay curve shown on figure 3.2 is divided into a number of IP
windows, where more IP windows give a better representatitre decay curve and consequently
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the induced polarization response of the ground. Due to instrument limitations, only 20 IP windows
can be used. To define the width of the IP windows a log gating technique was used, since the log
gating technique hasbkn shown to be efficient in reducing noise when working in the time domain
(Munkholm and Auken, 1996). The log gating technique has been widely used within the field of
the transient electromagnetic method (TEM) for a number of years,i®uew for tke acquisition

of induced polarization data. The width of the time windows should especially be small at early
times and a dense coverage at early times should be obtained, since it is at early times the slope of
the decay curve is biggest.

To remove nois signals arising from power lines a lpass filtering, which removes frequencies
above &4 10 Hz is wused. This filtering effectdi
grids, but also reduces electrochemical potentials.

By alternating the diretion of the currentselfpotentials are alternating added and subtracted from
the measuremegtbefore an average value is calculated. We thus average out the low frequency
noise arising from selbotentials and reduce calibration errors of the instrarf@nmistensen,

2008).

Theelectrode polarization effecd automaticallyremoved by the measuring instrument. The

instrument measures the potential on the electrodes immediately before current is transmitted, while
measuring and at some point wherestgmatoff time has been long enough, so the induced
polarization effect nearly has disappeared. By interpolating between these 3 measurements, the
instrument automatically corrects for the electrode polarization effect before calgtifetimtegral
chageabilities. Studies bpahlin et al. (2002) has shown that by using this removal technique, the
electrode polarization effect is almost completely removed, which means that stainless steel
electrodes can be used in the field without degrading the ddity.qua

In the endhe measurements atackedwhich basically means they are added and an average
value is calculated, which further reduces uncorrelated noise.

3.4 Comparison of array types

To study the difference between array types for the aciguisif induced polarization data, two
different profiles were measured at Harlgkke landfill in may 2010. Both profiles were measured
with the gradient array, the dipetipole array and the newly proposed linear gkidutorana et al.,
2009. The locatiorof the two profiles can be seen on figure 3.3.

The aim of the experiment was to compare data quality for the three different array types and
getting a better understanding of the characteristics of the arrays. To ensure that it would be reliable
to make aomparison of data quality between the three array types, it was necessary to be strictly
methodical, to ensure that the measurements were affected by exactly the same level of noise. This
was fulfilled by using the same cables, instrument settings apirigehe electrodes in the ground

at preciselythe same location when measuring with the three array types. The instrument settings
when measuring are shown in table 3Ae number of channels refers to the maximum number of
potentials measurement thaincbe performedimultaneoushand the quality factor is a standard
deviation threshold for the measurements. If the quality factor of a measurement is above 5%, the
measurement will be repeated and stacked 6 times.
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Figure 3.3, Location of Hgrlgkkamdfill and profile 8 and 10. Both profiles cross the landfill and intersect at 200
meters profile distance. Both profiles start in north andin south and southeasespectively

Parameter Setting
Number of channels 10

Min/Max. number of stacks 3/6

Vs 800 V

Max. standard deviation/Quality factor 5%

M gl 20 milliseconds
Number of IP windows 20

Current injection time 4 seconds
Relaxation time 4 seconds

Table 3.1, Instrument settings when measuring.

The width of the induced polarizatiome windows is shown in table 3.2. The first number refers
to the width of the time windoswandthe second number to the total measurement time.

IP T1 T2 T3 T4 T5 T6 T7 T8 T9 T10
window

Time 10/ |10/ 10/ 10/ 10/ 20/ 30/ 40/ 40/ 60/
[ms] 30 40 50 60 70 90 120 160 200 260
IP T11 |T12 |T13 |T14 |T15 T16 T17 T18 T19 T20
window

Time 80/ |100/ | 140/ | 180/ [260/ |[400/ |[400/ |600/ |700/ |800/
[ms] 340 | 440 580 760 1020 | 1420 |1820 |2420 |3120 | 3920

Table 3.2, Width of IP time windows. The first numipefers to the width of the IP window. The second numéfars
to the cumulative measurement time.

Pagel5 of 88



