
�7�U�D�F�L�Q�J���U�H�D�F�W�L�R�Q���G�\�Q�D�P�L�F�V���Z�L�W�K���6�S�H�F�W�U�D�O���,�Q�G�X�F�H�G��

�3�R�O�D�U�L�]�D�W�L�R�Q��
��

��

��

��

��

��

��

��

�'�L�V�V�H�U�W�D�W�L�R�Q��

�G�H�U���0�D�W�K�H�P�D�W�L�V�F�K���1�D�W�X�U�Z�L�V�V�H�Q�V�F�K�D�I�W�O�L�F�K�H�Q���)�D�N�X�O�W�l�W��

�G�H�U���(�E�H�U�K�D�U�G���.�D�U�O�V���8�Q�L�Y�H�U�V�L�W�l�W���7�•�E�L�Q�J�H�Q��

�]�X�U���(�U�O�D�Q�J�X�Q�J���G�H�V���*�U�D�G�H�V���H�L�Q�H�V����

�'�R�N�W�R�U�V���G�H�U���1�D�W�X�U�Z�L�V�V�H�Q�V�F�K�D�I�W�H�Q����

���'�U�����U�H�U�����Q�D�W������

��

��

��

��

��

��

�Y�R�U�J�H�O�H�J�W���Y�R�Q��

�0���6�F�����&�R�U�D���6�W�U�R�E�H�O��

�D�X�V���7�•�E�L�Q�J�H�Q��

����

��

��

��

�7�•�E�L�Q�J�H�Q��

�������� ��



��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

�*�H�G�U�X�F�N�W���P�L�W���*�H�Q�H�K�P�L�J�X�Q�J���G�H�U���0�D�W�K�H�P�D�W�L�V�F�K���1�D�W�X�U�Z�L�V�V�H�Q�V�F�K�D�I�W�O�L�F�K�H�Q���)�D�N�X�O�W�l�W���G�H�U��

�(�E�H�U�K�D�U�G���.�D�U�O�V���8�Q�L�Y�H�U�V�L�W�l�W���7�•�E�L�Q�J�H�Q����

��

��

�7�D�J���G�H�U���P�•�Q�G�O�L�F�K�H�Q���4�X�D�O�L�I�L�N�D�W�L�R�Q������ ����������������������

�'�H�N�D�Q���� �3�U�R�I�����'�U�����7�K�L�O�R���6�W�H�K�O�H��

�������%�H�U�L�F�K�W�H�U�V�W�D�W�W�H�U�����L�Q���� �3�U�R�I�����'�U�����$�G�U�L�D�Q���0�H�O�O�D�J�H��

�������%�H�U�L�F�K�W�H�U�V�W�D�W�W�H�U�����L�Q���� �3�U�R�I�����'�U�����5�H�L�Q�K�D�U�G���'�U�H�Z�V��

��



Contents

Contents

Abstract III

Zusammenfassung VI

Acknowledgements IX

List of publications XI

Abbreviations XII

1. Introduction 1

2. State of the art: SIP as a monitoring tool? 4

3. Objectives 17

4. Results and discussion 19

4.1. Background polarization of organic matter - Why solid organic matter

matters in induced polarization measurements . . . . . . . . . . . . . . 19

4.2. Monitoring of abiotic cation exchange - towards online monitoring with

SIP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.3. Distinguishing between biotic and abiotic reactions . . . . . . . . . . . . 29

5. Conclusions and outlook 35

6. References 39

A. Appendix 53

A.1. Publication 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

A.2. Publication 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

A.3. Publication 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

A.3.1. Publication 3: supporting information . . . . . . . . . . . . . . . . 121

II



Abstract

Given its limited accessibility, the subsurface is often a ”black box” regarding its po-

tential for (bio)geochemical reactions and capability to degrade contaminants. Point

information at monitoring wells only provides a ”blurred glimpse” into this black

box. They lack the spatial resolution necessary to identify and quantify the reac-

tive potential. In particular, information on the solid phase, namely concentrations

of surface associated compounds and the composition and abundance of microbial

communities is challenging and often impossible to be acquired. Hence, methods

that address the characterization gap between traditional sampling methods are re-

quired. Spectral induced polarization (SIP) can provide valuable information about

processes that alter the surface chemistry/composition of the solid phase in a non-

invasive manner and is therefore well poised to complement geochemical analytics.

Solid particles suspended in water carry a surface charge that induces the orienta-

tion and alignment of counter ions in the water phase surrounding the solid's sur-

face, known as the electrical double layer (EDL). SIP polarizes the EDL by applying

an alternating-current �eld of de�ned frequency, and measures the corresponding

alternating voltage response. As such, SIP is potentially sensitive towards a series of

di� erent reactions and complements pore water samples as it provides information

on the solid phase without sampling it.

In my thesis, I explore the potential of SIP as a method to monitor reactions un-

der increasingly complex conditions. I analyze the polarization response of natural

organic matter and microbial activity, which has not been well understood before,

in several experiments. In the �rst part of this dissertation I show how important

the polarization of organic matter is as a background signal in sediment mixtures.

I demonstrate that the knowledge on electrochemical polarization of mineral sur-

faces can be transferred to organic matter by using the cation exchange capacity

as a predictor for polarization strength. To this end, I investigate the SIP signal of

arti�cial mixtures of peat and sand made of calcite under controlled conditions and

in fresh, undisturbed �eld cores. I show that even low organic matter contents can
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cause a signi�cant polarization signal, potentially interfering with petrophysical re-

lationships.

In nature, multiple and often coupled polarization processes co-occur, highlighting

the need to distinguish di � erent signal contributions when applying SIP in the envi-

ronment. I present a framework on how and under which conditions SIP is a suitable

online monitoring method that can guide traditional sampling events or predict the

duration and spatial extend of a reaction. To this end, I use cation exchange reac-

tions on organic matter, monitored in �ow-through columns as model reactions in

the second part of this dissertation. I investigate how the signal stemming from the

change in the EDL can be separated from a change in the pore water salinity. I apply

a reactive transport modeling based approach, in which the SIP signal serves as a

proxy for the sorbed concentration of the injected cation. The change induced by

electrical conductivity is removed assuming a proportionality with the concentration

of the non-reactive solute. With this approach, SIP data can be incorporated quanti-

tatively into reactive transport models, providing highly-resolved information on the

solid phase concentrations. Additionally, I show how SIP data can be visualized to

serve as a monitoring tool that operates independently of geochemical samples.

In the third part I show that SIP is sensitive enough to monitor changes in mi-

crobial activity and abundance under quasi-natural conditions in column experi-

ment. Therefore, I stimulate a natural microbial community in �ow-through columns

within its natural sediment through the amendment of nitrate into the in�owing so-

lution. The results show that, even in the presence of parallel polarization processes

under �eld-relevant geochemical conditions, SIP is su � ciently sensitive to monitor

microbially-mediated reactions. I propose a decomposition of the SIP signal to sepa-

rate the e � ect of microbial activity from abiotic cation exchange and show how this

method can clearly identify zones and times of high microbial activity without the

need for an additional geochemically-informed reactive transport model.

This thesis highlights work�ows and conditions that need to be met so that our

view into the “black box” of the subsurface is sharpened. It lays out how informa-
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tion obtained from SIP measurements can be used to �ne tune sampling campaigns,

locate microbially active zones, and constrain solid phase concentrations in models.
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Zusammenfassung

Aufgrund seiner begrenzten Zug änglichkeit ist der Untergrund f ür Umweltwissen-

schaftler oft eine
”
Black Box“. Es ist oft unklar welche (bio)geochemische Reaktio-

nen und ob der Abbau von Schadsto� en vor Ort statt�nden (k önnen). Informatio-

nen aus Grundwassermessstellen bieten nur begrenzte Einblicke und haben nicht

die räumliche Au� ösung, die zur Identi�zierung und Quanti�zierung des reaktiven

Potenzials notwendig ist. Besonders Informationen über Sto� e, die auf dem Sedi-

ment sorbiert sind Zusammensetzung mikrobieller Gemeinschaften, sind schwer zu

bekommen. Daher brauchen wir Methoden, die diese Informationsl ücken schließen

können.

Die spektrale induzierte Polarisation (SIP) kann auf nicht-invasive Weise wertvolle

Informationen über Prozesse liefern, die die Ober� ächenchemie &-zusammensetzung

der festen Phase verändern. Dadurch ist sie gut geeignet, die ”klassische” geo-

chemische Analytik zu erg änzen. In Wasser suspendierte Partikel haben eine Ober-

� ächenladung, die die Ausrichtung von Gegenionen in der Wasserphase um die Par-

tikel, der sogenannten elektrischen Doppelschicht (EDS), beein�usst. SIP polarisiert

die EDS durch Anlegen eines Wechselstromfeldes mit de�nierter Frequenz. Dadurch

ist SIP emp�ndlich f ür verschiedene Reaktionen und erg änzt Grundwasserproben, da

es Informationen über die feste Phase liefert, ohne diese beproben zu müssen.

In meiner Dissertation untersuche ich das Potenzial von SIP als Methode zur Über-

wachung von Reaktionen unter immer komplexeren Bedingungen. In mehreren Ex-

perimenten analysiere ich die SIP-Signale organischer Materie und mikrobieller Ak-

tivit ät, die noch nicht vollst ändig verstanden sind. Im ersten Teil dieser Disserta-

tion zeige ich, wie wichtig die Polarisation organischer Materie als Hintergrundsignal

in Sedimentmischungen ist. Ich zeige, dass das Wissen über die elektrochemische

Polarisation von mineralischen Ober� ächen auf organisches Material übertragen

werden kann, indem die Kationenaustauschkapazit ät als Maß für die Polarisation-

sstärke verwendet wird. Dafür untersuche ich das SIP-Signal von Mischungen aus

Torf und Calcit-Sand unter kontrollierten Bedingungen und in frischen Feldkernen.
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Ich zeige, dass selbst geringe Mengen an organischer Substanz ein signi�kantes

Polarisationssignal verursachen k önnen, das unter bestimmten Bedingungen petro-

physikalische Modelle st ören kann.

In der Natur treten oft mehrere Polarisationsprozesse gleichzeitig auf, was die

Notwendigkeit zeigt, bei der Anwendung von SIP in der Umwelt zwischen verschiede-

nen Signalbeitr ägen unterscheiden zu k önnen. Ich zeige, wie und unter welchen Be-

dingungen SIP eine geeignete Methode ist, um traditionelle Probenahmeereignisse

zu planen oder die Dauer und r äumliche Ausdehnung einer Reaktion vorherzusagen.

Dafür verwende ich im zweiten Teil Kationenaustauschreaktionen an organischem

Material als Modellreaktionen, die in S äulenexperimenten beobachtet werden. Ich

untersuche, wie das von der Änderung der EDS herrührende Signal von einer Änderung

der elektrischen Leitf ähigkeit im Porenwasser getrennt werden kann. Um den Ka-

tionaustausch zu beschreiben, wende ich ein Transport-Modell an, bei dem das SIP-

Signal als Maß für die sorbierte Konzentration des injizierten Kations dient. Mit diesem

Ansatz können SIP-Daten in reaktive Transportmodelle integriert werden und liefern

hochaufgel öste Informationen über die Festphasenkonzentrationen. Außerdem zeige

ich, wie SIP-Daten visualisiert werden können, um als Beobachtungsmethode zu di-

enen, die unabhängig von geochemischen Proben funktioniert.

Im dritten Teil zeige ich, dass SIP emp�ndlich genug ist, um Ver änderungen der

mikrobiellen Aktivit ät und Menge unter quasi-nat ürlichen Bedingungen in einem Säulen-

experiment zu überwachen. Dazu stimuliere ich eine nat ürliche mikrobielle Gemein-

schaft in Durch�ußs äulen innerhalb ihres nat ürlichen Sediments durch die Zugabe

von Nitrat. Die Ergebnisse zeigen, dass SIP selbst bei Vorhandensein paralleler Po-

larisationsprozesse unter feldrelevanten geochemischen Bedingungen ausreichend

emp�ndlich ist, um mikrobielle Aktivit ät zu beobachten. Ich schlage eine Zerlegung

des SIP-Signals vor, um den E� ekt der mikrobiellen Aktivit ät vom abiotischen Katione-

naustausch zu trennen, und zeige, wie diese Methode Zonen und Zeiten hoher mikro-

bieller Aktivit ät eindeutig identi�zieren kann, ohne dass zus ätzliche Daten oder ein

zusätzliches Transportmodell erforderlich sind. Diese Arbeit zeigt Arbeitsabl äufe
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und Bedingungen auf, die erf üllt sein m üssen, damit unser Blick in die
”
Black Box“

des Untergrunds mittels SIP geschärft werden kann. Ich diskutiere und zeige, wie die

aus SIP-Messungen gewonnenen Informationen zur Planung von Probenahmekam-

pagnen, zur Lokalisierung mikrobiell aktiver Zonen und zur Bestimmung der Fest-

phasenkonzentrationen verwendet werden k önnen.
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1. Introduction

1. Introduction

Groundwater is our largest available freshwater resource. It is of utmost importance

as it provides clean water for irrigation ( >70%), households and industry [Smith et al.

2016]. However, human activity and geologic processes cause the contamination

of groundwater with organic and inorganic toxic substances such as hydrocarbons,

chlorinated solvents and other organic substances [Suarez and Rifai 1999; Lapworth

et al. 2012], nitrate [Rivett et al. 2008a; Wick et al. 2012] or heavy-metals [Podgorski

and Berg 2020]. Depending on the source, such groundwater contaminations can

occur widespread over an entire aquifer, or as spatially contained plumes. It is a

major task of groundwater management to contain them and prevent them from

polluting wells used for drinking water production or irrigation[Smith et al. 2016].

Once introduced into the aquifer, contaminants can be transported by groundwa-

ter �ow, sorb onto the sediments' surface, form a non-aqueous liquid phase or un-

dergo (microbially-mediated) transformation reactions or precipitation/dissolution

reactions [Fetter 2008]. Generally speaking, a reaction requires that all reactants

meet on microscopic scales in the subsurface and have a su � cient contact time

to react. That is, the reaction depends on mixing by transport processes, as well

as the chemical composition of the pore �uid and the solid phase. In many cases,

the microbes catalyze the reaction so that the reaction rates also depend on the

abundance and activity of the microbes, the absence of toxic substances, and the

provision of su � cient substrate as an energy and carbon source [Fetter 2008].

Under certain conditions, some reactions can successfully stop the spread of a

contaminant or even contribute to its removal. In this context, natural attenuation,

reactive barriers [Obiri-Nyarko et al. 2014], and enhanced bioremediation [Scow and

Hicks 2005] are established remediation techniques that can e � ectively clean up

groundwater with minimal technical e � ort. In such a dynamic and heterogeneous

system as the subsurface, a constant monitoring of the environmental conditions is

required to ensure that the reaction of interest is successfully sustained preventing

further contamination of groundwater resources.
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1. Introduction

Challenges in reaction monitoring Quantifying transport, possible retardation

and (bio)degradation processes of contaminants in groundwater is challenging. They

are subject to spatial and, in the case of changing environmental conditions, tempo-

ral variability that hinder precise predictions of aquifer scale fate [Li et al. 2017].

The spatial extent of processes cannot be observed directly but must be inferred

from indirect measurements, e.g. breakthrough curves at single observation points,

destructive methods (drillings, core extraction) or laboratory experiments that are

then extrapolated to the whole area of interest [Werth et al. 2010]. Due to the hetero-

geneity of the subsurface, this leads to an often non-unique process interpretation

and thus a high uncertainty when information from small-scale point measurements

is up-scaled to larger scale. This is already observed in the case of non-reactive wa-

ter transport in sands [Barth et al. 2001]. To prove that a reaction is taking place,

concentration measurements at single points are not su � cient, as they might also

be in�uenced by dilution, and hence several lines of evidence, e.g. through isotope

data, molecular biological data or models are required [Scow and Hicks 2005].

Moreover, not only the spatial variability and accessibility limits the process quan-

ti�cation, but it is also challenging to capture temporal dynamics. In the case of reac-

tive barriers, where the retention relies on sorption of the contaminant, it is di � cult

to predict when the loading capacity of the material is reached. Downstream mea-

surements will only show a signal once the contaminant breakthrough has already

happened, a situation that the barrier is aiming to prevent. For the understanding

of microbially-mediated reactive processes in the subsurface and their monitoring in

space and time, proxies for microbial activity and their adaptation to a speci�c pro-

cess are key. Traditional methods for the quanti�cation of the microbial community

evolution and activity rely on destructively-sampled sediment samples because 80%

to >99.9% of the bacteria in groundwater stick to the sediment surfaces and don't

�oat in the mobile water phase [Griebler and Lueders 2009; Mellage et al. 2015], a

limitation that is already a challenge for small scale lab experiments.
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1. Introduction

Filling the data gap: Reactive Transport Models One ”traditional” way to deal

with the data scarcity and limited access to the subsurface is to combine theoretical

knowledge on the reactive processes with data into a numerical reactive transport

model (RTM) [Li et al. 2021; 2017]. RTMs allow us to put our qualitative hypothe-

ses on the reactive system to the test and to identify data gaps that are needed to

prove whether a reaction is really occurring. RTMs also enable the quanti�cation of

reaction rates, to make predictions of the future behavior and on the e � ect of dif-

ferent environmental factors on the reaction rates [Li et al. 2017]. However, it is a

challenge to �nd a RTM that is complex enough to describe the key processes, yet

simple enough to be computationally a � ordable and constrained by data [Li et al.

2021]. Parameter estimation of RTMs can be a challenge and the lack of data on

the solid phase and microbial dynamics can impede the discrimination of di � erent

processes or the accurate prediction of concentration changes in the future. While

RTMs are powerful to combine single measurements into a cohesive representation

of the subsurface and for quantitative rate predictions, they are not suitable as fast

online monitoring tools. Acquiring a su � cient amount of data and the time needed

for sampling and sample analysis plus choosing the appropriate model and its pa-

rameter estimation requires careful and time-consuming work �ows.

Filling the data gap: Hydrogeophysics Geophysical methods are non-invasive

and can provide information on the subsurface at a much higher spatial and tem-

poral resolution than traditional methods [Rubin et al. 2005]. For the monitoring of

reactions, the geophysical method of choice should be sensitive to the reaction of

interest, e.g. through sensitivity towards alterations of the pore water chemistry, the

surface chemistry, change in pore structure and the activity of microbes. Yet it should

be speci�c enough to not be in�uenced by other parameters that vary in space and

time independently of the reaction. To extend the application of geophysics from

providing high-resolution data for RTMs towards an online monitoring method of

subsurface reactions, requires fast data-acquisition and processing in combination

3



2. State of the art: SIP as a monitoring tool?

with a stand-alone interpretation in the absence of a complete picture of on site geo-

chemistry. The geoelectrical method spectral induced polarization (SIP) has shown

to be the most promising option of choice with respect to the monitoring of reactions

[Kessouri et al. 2019]. In this thesis I explore its potential as an online monitoring

method, �lling the data gap of geochemical samples to improve our prediction of

reaction dynamics.

The structure of the thesis In section 2, State of the art, I give an overview on

the background of the SIP method and how it is currently used to monitor reactions.

The objectives of this thesis, building and extending on the current knowledge are

provided in section 3. Section 4, results and discussion, is divided into three parts

in which I focus on di � erent aspects of reaction monitoring using SIP. Finally, section

5 provides a cohesive summary and conclusion based on all parts of this thesis. It

ends with an outlook on how this thesis contributes to future applications of SIP and

which research directions are promising to �ll remaining knowledge gaps.

2. State of the art: SIP as a monitoring tool?

The electrical double layer Minerals and organic matter (OM) form the solid phase

of the subsurface. They possess charged groups at the interface with the pore wa-

ter. These charges are mostly the result of pH-dependent (de)protonation reactions

of hydroxyl and carboxyl-groups or a permanent charge due to the replacement of

cations in the crystal lattice by other cations of lower valence. At circumneutral

pH, both processes cause an excess of negative charges for most minerals and OM

[Amelung et al. 2018]. In the adjacent pore water, counter ions are attracted towards

the surface while ions of the same charge are repelled, causing the formation of the

so-called electrical double layer (EDL). The EDL consists of the Stern layer, in which

ions with opposite charge to the surface charge that are assumed to be tightly bound

to the surface, and the di � use layer which extends into the pore space. In the di � use

layer the concentration of counter ions decreases with distance to the surface until
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the bulk concentration in the pore water and electroneutrality are reached. It can

extend up to several nm into the pore water [Adamson and Gast 1997]. A schematic

drawing of the EDL is shown in �gure 2.1 (a). In the di � use layer the bounding of

the counter ions is expected to be solely through electrostatic forces. In contrast,

counter ions in the Stern layer are additionally bound to the surface through chem-

ical complexation [Amelung et al. 2018]. If an external electrical �eld is applied to

a porous medium, the mobile charged ions in the pore space and in the EDL migrate

in the direction of the electrical �eld. In the case of the EDL, where the direction

of migration is limited to a tangential movement along the surface and against the

electrostatic attraction of the surface charges, this process is called electrochemi-

cal polarization (see below). Because the EDL is dependent on properties of the solid

phase and the pore water composition, signals obtained by SIP are a � ected by po-

larization processes so that SIP synchronously gains information on both the solid

phase and the pore water, thus adding additional information to direct-current geo-

electrical measurements [Revil et al. 2012b].

Basics of spectral induced polarization SIP is an active, four-point electrode

method in which an alternating current is injected at di � erent frequencies in the mHz

to kHz range [Marshall and Madden 1959]. Due to its sinusoidal shape, the alternat-

ing current I [A] can be expressed by I = I0ei!t , with the imaginary unit i =
p

� 1, the

angular frequency ! (rad) and the time t (s). The potential U [V] within the electric

circuit is linked to the current I through Ohm's law ( U = R � I , with the resistance R

[
 ]) and is thus also changing sinusoidally over time. Some components within the

electric circuit, referred to as capacitors or inductors, store electrical charge. They

built up an electric or magnetic �eld, respectively, causing a time lag between the in-

jected current and the measured potential, the phase shift � [rad]. Since the complex

exponential function can also be expressed by a real and an imaginary component,

the complex current can also be expressed as:

I = I0 � cos(!t ) + i � I0 � sin(!t ) = I 0+ i � I 00 (1)
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with I 0being the real (in-phase) component and I 00being the imaginary (out-of-phase)

component. It is convention in alternating current electrics to express current, po-

tential and resistance (then referred to as impedance Z [
 ]) as complex quantities

to account for the periodically changing electrical �eld. This has the advantage that

the properties of the electrical circuit that determine electrical conduction through

it are expressed by the real part and components that store electrical charge are

expressed by the imaginary part of the impedance Z.

In an SIP measurement, the current is injected through an electrode pair and the

resulting potential di � erence is recorded at a second electrode pair (thus SIP is re-

ferred to as four-point electrode method). In addition, the phase shift between the

injected current and resulting potential is recorded. Using Ohm's law, the measure-

ment yields the impedance magnitude Z0 [
 ] plus the phase shift � � [rad] as raw

measurements. They are then usually expressed in the complex-valued conductivity

notation:

� � = � 0 � exp(i � � ) = � 0+ i � � 00 (2)

where � 0 is the real part of the complex conductivity [ Sm� 1] and � 00is the imagi-

nary conductivity [ Sm� 1] and � 0 is the magnitude of the conductivity [ Sm� 1]. Since

the conductivity is the inverse of the resistivity � � , � 0 can be determined from the

impedance magnitude Z0 using an electrode-array dependent geometrical factor k

[m]:

� 0 =
1

k � Z0
(3)

Note: The phase shift � of the complex resistivity � � is negative, while it is positive

for the complex conductivity � � , but has the same absolute value [Revil et al. 2012b].

In the following, the phase shift related to the complex conductivity, i.e. � > 0, is

shown.

The complex-valued conductivity � � is the apparent material property that deter-

mines electrical conduction and charge storage within the measured medium. It

depends on (1) the electrical conduction through the pore �uid and along the sur-

faces and (2) a reversible storage of charge that is related to the electrochemical
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polarization of the EDL [Kemna et al. 2012; Binley and Slater 2020]. The complex-

valued notation allows to separate electrical conduction ( � 0 ) and charge storage

(� 00) (through 'capacitors' in the subsurface): In the mHz to kHz range, the real con-

ductivity � 0 is hardly a � ected by the small phase shifts in the mrad-range. It is al-

most identical to the direct current (DC) conductivity, � 0, and mainly depends on

the electrical conductance, � el, of the pore �uid through connected pores and, to a

smaller extent, on electrical conduction along the grain-�uid interface, � surf [Slater

and Glaser 2003]. The imaginary conductivity � 00is of much lower magnitude than

� 0and exhibits a frequency-dependent behavior related to polarization mechanisms

of the EDL. Because the properties of the EDL depend on both, the surface properties

and the pore �uid composition, � 00is also sensitive towards changes in both parts of

the subsurface.
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Figure 2.1: (a) Schematic representation of the electrical double layer (EDL) around a spher-
ical particle. (b) Electrochemical polarization of the EDL during the application of
an alternating electric �eld. Forces I and II act at the same time but the dominance
of one over the other changes with time.
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Electrochemical polarization In the low frequency range (mHz to kHz), electro-

chemical polarization of the EDL is the controlling polarization mechanism in porous

media in the absence of conductive particles [B ücker et al. 2019]. Electrochemical

polarization describes the e � ect of an external �eld on the migration of ions in the

EDL and the subsequent back-di� usion once the external �eld is switched o � [Leroy

et al. 2008; Lesmes and Morgan 2001; Schwarz 1962]. In the context of this work, I

will focus on the concept of electrochemical polarization around single grains as a

model for EDL polarization and neglect the e � ect of membrane polarization, i.e. the

electrochemical polarization due to a di � erence in ion mobility across pore throats

and pore constrictions. The reactions that I monitor do not alter the pore network

and hence I assume across all studies that the change of � 00is controlled by changes

in the EDL rather than the pore network. Further information on membrane polariza-

tion, as well as polarization e � ects due to conductive particles or at interfaces with

di� erent properties have been described e.g. by Binley and Slater [2020].

Figure 2.1 (b) schematically shows the polarization of the EDL around a spherical

grain in an alternating electric �eld. The movement of ions in the direction of the

electrical �eld causes a concentration gradient that points in the opposite direction

and results in back-di � usion once the electrical �eld is reduced or switched o � . In

the context of electrochemical polarization around single grains, it is under debate

whether polarization solely depends on the Stern layer or whether the di � use layer

needs to be accounted for as well. Stern layer polarization models coupled to sur-

face complexation models successfully predicted the polarization response of glass

beads and clay minerals [Leroy et al. 2008; Leroy and Revil 2009; Jougnot et al.

2010], arguing that in porous media the di � use layers of adjacent particles overlap

so strongly that polarization is being suppressed [Leroy et al. 2008]. However, other

models account for the polarization of the entire EDL [Lesmes and Morgan 2001;

Bücker et al. 2019] and hypothesize that the continuity of the EDL and thus the de-

gree of compaction of the sediment determines the relative importance of the Stern

and di� use layers [Bücker et al. 2019]. In loosely compacted sediment as used in
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this study, the Stern layer polarization most likely dominates the signal response.

In either case, the surface properties and the composition of the EDL pose a direct

in�uence on the � 00signal: In general, an increase in ionic strength will cause an

increase of counter ions close to the surface that can polarize [Weller and Slater

2012]. Also, an increase in surface charge results in a higher concentration of

counter ions in the Stern and di � use layer and consequently an increase in � 00[Hao

et al. 2015]. Based on the surface polarization models there is a linear relationship

between � 00and the surface site density, a function of the cation exchange capac-

ity (CEC) and surface area [Leroy et al. 2008; Leroy and Revil 2009; Revil and Skold

2011]. In systems with di � erent ions, their di � erent surface mobility, a property that

depends on the strength of the attractive forces between surface and ion (i.e. the

valence of the ion plus potential complexation bonds formed with the surface) will

alter � 00[Schwarz 1962]. Ben Moshe et al. [2021] showed how the replacement of

monovalent cations by divalent cations reduced � 00, due to their di � erence in sur-

face mobility. Finally, the frequency-dependent magnitude of � 00is a function of the

length scale of polarization, that is, it depends on the particle or pore size [Scott

and Barker 2003; Titov et al. 2002; Weller and Slater 2019]. The sensitivity towards

various subsurface properties highlights the potential of SIP as a reaction monitor-

ing method and demonstrates the challenges that might be associated with parallel

signal contributions at the same time.

Polarization mechanisms of organic matter and microbes OM and microbes,

just like most minerals, carry a negative charge on their (cell) surface and are thus,

in a �rst approximation, expected to be surrounded by an EDL similar to the EDL

forming around a mineral grain with the cell membrane acting as an electrical insu-

lator between the cell interior and exterior [van der Wal et al. 1997; Amelung et al.

2018]. Therefore, organic constituents of the subsurface can be conceptualized as

additional particle components undergoing electrochemical polarization and should

a� ect the complex conductivity in a speci�c frequency range that resembles their
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distinct polarization length scale.

Indeed, bacterial cells induce a polarization and the imaginary conductivity has

been linked to microbial abundance and growth not only in cell suspensions [Zhang

et al. 2014; Rosier et al. 2019], but also in low-polarizing background matrices like

glass beads and quartz sand [Abdel Aal et al. 2010; Davis et al. 2006; Mellage et al.

2018]. Revil et al. [2012a] developed a model of microbial Stern layer polarization,

analogous to the polarization of clay minerals, based on the cation exchange capac-

ity of bacteria in which they found a linear relationship between biomass and � 00, a

�nding that is also supported by experimental studies [Abdel Aal et al. 2006; Zhang

et al. 2014]. .

In the case of organic matter, studies in peatlands have shown strong � 00signals

[Ponziani et al. 2012; Katona et al. 2021; Comas and Slater 2004] that show po-

tentially strong polarization processes happening on OM. However, experiments at

lower OM contents and in sediments where OM and the mineral constituents may in-

teract, showed con�icting results [Schwartz and Furman 2014; Mellage et al. 2022b].

It is clear that, the surface structure of both cells and OM is substantially di � erent

from mineral grains. In the case of microbes, the interface between a cell membrane

and the surrounding medium is certainly rather a three-dimensional body composed

of a variety of bio-polymers [Poortinga et al. 2002] protruding into the extra cellular

medium than a sharp transition as one would expect from mineral surfaces. The 3D

polymer structure, that can also be expected for OM [Koopal et al. 2001], will a � ect

the mobility of the surrounding counter ions. It is also known that a large fraction of

the cell membrane proteins, that can form up to 60 % (w/w) of the cell membrane,

are involved in energy transducing processes [Konings et al. 2002]. During the en-

ergy metabolism of cells, an electric potential of some mV, called membrane poten-

tial, between the extra cellular matrix and the cytoplasm [Alberts 2015] builts up. It

is formed by a gradient of either H +, Na+ or K+ ions across the cell membrane [Lanyi

1979]. Hence, microbes can actively in�uence this gradient through their cell pro-

teins [Konings et al. 2002; Alberts 2015] and are therefore also actively in�uencing
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the composition of the surrounding �uid. Their polarization may therefore not only

be a function of their abundance but also their metabolic activity, which was indeed

observed as a drop in the � 00and shift in the relaxation time during nitrite intoxication

by Mellage et al. [2019].

Sensitivity towards di � erent reaction types The electrochemical polarization mech-

anism provides the basis to understand how the � 00signal is a� ected by di� erent re-

actions. To estimate the sensitivity of � 00towards the reaction of interest, it is impor-

tant to di � erentiate between di � erent reaction types. Figure 2.2 gives an overview

on how four important reaction types can a � ect the � 00signal. The reactions are dif-

ferentiated on whether they involve only reactants in the aqueous phase (reactions

of dissolved compounds), the exchange of compounds between bulk water and EDL

(sorption), the formation of a new mineral phase (precipitation) or the reaction with a

non-aqueous phase liquid (e.g. hydrocarbons). Many reactions in the subsurface are

microbially-mediated, they require the presence of the microbes that are able to cat-

alyze the reaction. In that case, the sensitivity of SIP towards microbial abundance

and activity can in�uence � 00.
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Figure 2.2: Reactions in the subsurface can be categorized into reaction types that a � ect
subsurface properties in di � erent ways. The �gure provides an overview of the
e� ect of di � erent reaction types on subsurface properties and how a change in a
speci�c subsurface property changes the � 00signal.

SIP has been successfully used to study a series of di � erent reactions. Nitrate re-

duction in sands [Mellage et al. 2019; 2018], hydrocarbon degradation [Abdel Aal

et al. 2004; 2006; Kimak et al. 2019], bacterial growth in a saline environment [Joo

et al. 2021] and microbially induced calcite [Saneiyan 2019] and sul�de [Williams

et al. 2009; Ntarlagiannis et al. 2005] precipitation were investigated at the col-

umn scale, highlighting its potential to serve as a monitoring tool for a variety of
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microbially-mediated processes of di � erent reaction type. Also abiotic reactions,

such as sorption of di � erent heavy metals [Bate et al. 2023; Hao et al. 2022; Rahmani

et al. 2024] and organic pollutants [Mellage et al. 2022a;b; Ben Moshe and Furman

2022], cation exchange processes [Ben Moshe et al. 2021; Vaudelet et al. 2011], the

removal of non-aqueous liquids with surfactants [Deng et al. 2020] or precipitation

of calcite [Placencia-Gomez et al. 2022; Izumoto et al. 2022] have been studied with

SIP.

The sensitivity of SIP towards so many di � erent reaction types and reactions demon-

strates its versatility as a non-invasive method for the monitoring of reactions. Yet,

it simultaneously demonstrates the challenge of the non-uniqueness of interpret-

ing SIP signals. Several processes can happen at the same time or change in space

and can thus impede or complicate the signal interpretation. Good, transferable ap-

proaches and work�ows to deal with these ambiguities are required to transfer the

knowledge gained in very controlled experiments towards ”real-world” conditions.

Data acquisition and processing for online monitoring Reaction monitoring with

SIP results in datasets containing a temporal, a frequency and a spatial dimension.

In order to be applied as a online monitoring method, the data acquisition and data

processing need to be as straightforward and automated as possible while reducing

the dimensionality of the data to an extent where it can be directly interpreted yet

keeping as much information as possible. In this context, I solely focus on 4-point

electrode measurements assigning their measured value to the center of the po-

tential electrode pair as a point measurements in space in this thesis. By doing so,

inversion [Günther and Martin 2016] of the data is not needed as this would increase

data processing and curation steps.

Phenomenological models, as the Cole-Cole relaxation model [Cole and Cole 1941;

Pelton et al. 1978] are often applied to � 00data to summarize the frequency-dependent

behavior via a few characteristic parameters:

� � = � 0 �

 

1 � m �

 

1 �
1

1 + (i � ! � � )c

!!

(4)
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where � � [
 m] is the complex resistivity , � 0 [
 m] is the direct-current (DC) resistivity

, mi [-] is the chargeability, ! [rad] is the angular frequency, � [s] is the time constant

related to the peak frequency and c, [-], is the Cole-Cole exponent that describes the

broadness of the peak. Such models can be particularly helpful to analyze spectral

data sets over time as they allow to quantify changes in spectral shape and peak

frequency. Additionally, the polarization length scale can be estimated from the time

constant. The frequency dependence of electrochemical polarization mechanisms

is related to the di � usion coe� cient of the ions in the EDL, D [m2 s� 1] and the length

scale l [m] over which they polarize and can be approximated for spherical particles

by [Schwarz 1962]:

� =
l 2

8 � D
(5)

where � = 1
f [s] is the relaxation time. Cole-Cole models assume an almost Gaussian

distribution of � � in the frequency domain. In reality this condition is not always met,

several signal contributions or measurement errors may impede a good �t of the

model to the data. To overcome this issue, Debye decomposition methods [B érubé

et al. 2017; Weigand and Kemna 2016] that assume a distribution of relaxation times

instead of one single � can be applied. However, they do not reduce signi�cantly the

data to a set of a few parameters but to several parameter sets.

The di� erent options to represent time-lapse SIP data have let to inconsistent data

presentation and interpretation between di � erent studies, making it di � cult to com-

pare data sets and to �nd common features. Experimental studies link either � 00

at a �xed frequency [Davis et al. 2006; Katona et al. 2021; Saneiyan et al. 2020;

Bate et al. 2023], the � 00maximum [Mellage et al. 2018; 2019; Zhang et al. 2014],

the phase maximum [Flores Orozco et al. 2011; 2020; Katona et al. 2021; Saneiyan

2019; Vaudelet et al. 2011] or Cole-Cole �tted chargeability and relaxation time val-

ues to biogeochemical data [Mellage et al. 2019; 2022a]. Some also report relative

changes in � 00or � 0 and relate these relative changes to relative concentrations or

biogeochemical processes [Abdel Aal et al. 2010; Rosier et al. 2019; Mellage et al.

2019; Ben Moshe et al. 2021]. With the exception of Cole-Cole parameters �tted
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to spectra and time-lapse presentation of spectral data sets, spectral information is

disregarded or only speci�c time-points are selected to compare single spectra. Nev-

ertheless, spectral information has the potential to enable the separation of parallel

processes with di� erent relaxation times. With more studies in di � erent settings be-

ing presented and with an increasing interest in using SIP as a diagnostic tool, there

is a need for comparability between di � erent studies. Quantitative relationships be-

tween di� erent reactive processes and one representation of changes in � 00are re-

quired to identify common features across experiments and how other parallel signal

contributions and system speci�c background can be identi�ed and accounted for.
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3. Objectives

This thesis aims at investigating the potential of SIP as a (online) monitoring method

for the monitoring of reactions in porous media and to address some of the key is-

sues that currently hinder its application. By investigating di � erent aspects of reac-

tion monitoring with SIP, I develop a framework on how and under which conditions

SIP is a suitable online monitoring method that can re�ne the timing or location of

traditional sampling events through a non-invasive observation of the duration and

spatial extend of a reaction.

Most studies related to the relationship between speci�c reactions and SIP have

been conducted under very controlled conditions, with glass beads, sand. commer-

cially available minerals, or activated carbon. In order to close the gap between

”real-world” applications and current research, I conduct experiments under close-

to-natural conditions with sediment mixtures and groundwater as the pore water.

The in�uence of OM on the SIP signal and its polarization mechanism has remained

an open research question so far, yet it is involved in many (particularly nutrient-

cycling) reactions [Amelung et al. 2018]. For microbially-mediated reactions the

sensitivity of SIP towards changes in the presence of other polarizing components

is unknown. Therefore, I focus on the SIP signal of microbes and OM during cation-

exchange and nitrate reduction.

In order to meet these objectives, I conducted three research projects, presented in

the Results and discussion section. Part I: Background polarization of organic mat-

ter - Why solid organic matter matters in induced polarization measurements ad-

dresses whether organic matter possesses a strong enough polarization signal to be

relevant in sediment mixtures and whether the knowledge on electrochemical polar-

ization of mineral surfaces can be transferred to organic matter. The work of this

chapter has been published by Strobel et al. [2023b], Publication 2 in the Appendix.

In Part II: Monitoring of abiotic cation exchange - towards online monitoring with SIP I

investigate how the information content from processing SIP data can be maximized.

Additionally, I investigate, whether � 00measurements can serve as a proxy for sorbed
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concentrations in RTMs that are otherwise not accessible and how the incorporation

of them improves the determination of reaction parameters or could replace ”tradi-

tional” geochemical samples. The work of this chapter has been submitted by Strobel

et al. [2024], Publication 3 in the Appendix. Finally, Part III: Distinguishing between

biotic and abiotic reactions addresses the sensitivity of SIP to monitor biotic reac-

tions in natural sediments despite the low abundance of microbes compared to the

concentration of other solid phase components. Furthermore, this part contains my

investigation of how biotic contributions to the SIP signal can be distinguished from

abiotic processes occurring in parallel. This chapter has been published by Strobel

et al. [2023a], Publication 1 in the Appendix.
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4. Results and discussion

4.1. Background polarization of organic matter - Why solid

organic matter matters in induced polarization

measurements

Understanding the geoelectrical properties of OM is imporant for hydro- and bio-

geophysical surveys in shallow OM-containing sediments, yet its relative in�uence

on the complex conductivity compared to other soil components like clay minerals

or pyrite has so far been unknown. A limited number of studies has shown promis-

ing, yet con�icting, results that SIP is sensitive to OM. Ponziani et al. [2012], Katona

et al. [2021] and Comas and Slater [2004] investigated the IP signature of peats and

peatlands. They observed a signi�cant IP signal with phase shifts of several mrads

that could originate from the OM but from their work it is not clear whether also

the presence of sul�des [Ntarlagiannis et al. 2010] might cause such strong signals.

Laboratory experiments on arti�cial mixtures of soil and OM at lower OM contents

showed contrasting results: Schwartz and Furman [2014] observed a decrease of

� 00with an increase in OM content, whereas Mellage et al. [2022b] observed the op-

posite relationship. It was hypothesized by Katona et al. [2021] and Mellage et al.

[2022b] that unknown polarization mechanisms that di � er from the classical elec-

trochemical polarization might be active in OM.

I quanti�ed the relationship between the OM content and � 00in sediment mixtures

of calcite sand and peat and in �eld cores with a high variability of OM contents. The

arti�cial sediment mixtures enabled me to cover the full range of OM contents, work

with replicates and control the pore water chemistry. Becuase of the sedimentology

of the site that I investigated, I chose calcite sand as the mineral matrix for the arti�-

cial mixtures to mimic the Tufa sediments of the �eld site. Its a holocenic freshwater

carbonate that contains a highly varying OM content stemming from mm to cm scale

peat lenses up to peat layers. Other polarizable minerals were absent in this system.

In this �rst research project, I explored the applicability of EDL-based models for or-

19



4. Results and discussion

ganic surfaces and derive petro-, or rather, organo -physical relationships between

the total organic carbon (TOC) content and � 00. I presented the OM content as its

TOC content that is the weight fraction of carbon in the total solid mass. Hence, the

total organic matter content is higher than the TOC content (as the masses oxygen,

hydrogen and other elements that form OM need to be added). Presenting the OM

content as the TOC content has the advantage of TOC being a standard quanti�ca-

tion technique for OM that allows to easily compare the results across samples and

studies.

SIP measurements on peat-sand mixtures The complex conductivity measure-

ments using arti�cial soil mixtures revealed a linear relationship between the TOC

content and � 00. The dataset spans over four orders of magnitudes from a trace

amount of less than 0.01% in the pure calcite samples to 41% TOC in the pure peat

and is shown in �gure 4.1a as the relationship between the mean � 00at 50 Hz and the

TOC content of each sample column (red markers). The relationships in �gure 4.1

are consistent across the measured frequency range, but are shown here at 50 Hz

as this is the approximate peak frequency of the peat spectra. The pore-water com-

position (i.e., EC) was held constant in the experiment. Therefore, the � 00-TOC rela-

tionship, with a 525-fold increase of � 00compared to only a 4.4 fold increase in � 0

(�gure 4.1c) highlights the strong control of electrochemical polarization of OM on

the magnitude of � 00. The lower relative increase of � 0 showed that electrolytic and

surface conduction was also a � ected when replacing calcite sand with peat. Indeed,

the porosity increased due to the addition of peat and the increase in � 0 could be

attributed to a better electrolytic conduction through the pore space in accordance

with Archie's law (�gure 4.1d).

Existing grain based models [Leroy et al. 2008; Jougnot et al. 2010; Revil et al.

2023] predict a linear relationship between � 00and CEC for mineral surfaces that is

also observed in this work for OM (�gure 4.1b). Furthermore, the linear relationship

between the CEC and � 00suggests that polarization in these OM-containing sedi-
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ments is driven by processes analogous to electrochemical polarization of the EDL

of mineral surfaces.

Figure 4.1: Polarization of organic matter: Fitted linear relationships between complex elec-
trical conductivity and selected soil properties. (a) � 00versus total organic carbon
(TOC) content, (b) � 00versus cation exchange capacity, (c) � 0versus TOC, (d) elec-
trolytic conductivity versus porosity, (e) electrolytic conductivity versus pore wa-
ter conductivity. Red markers: arti�cial peat-calcite mixtures; blue/green mark-
ers: measurements on �eld cores from the Tufa aquifer. Error bars for the peat-
calcite mixtures show the standard deviation between the three measurements in
one column. Note: Pure peat and pure calcite samples (diamond markers) were
not considered for �tting the linear relationships for the peat-sand mixtures.
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Real-world case: Intact cores from Tufa sediments with peat layers The depth-

resolved complex conductivity, TOC, CEC and porosity of two �eld cores with Tufa

sediments align well with the trends revealed by the arti�cial peat-calcite mixtures.

With depth, the TOC content ranged from 2.3 up to 56%, yielding an � 00of 1.3 up to

5.5 � S cm� 1 . The �eld core measurements are shown in �gure 4.1 as blue and green

markers. Because of the higher intra-particle porosity of Tufa carbonates compared

to calcite sand, the porosity showed a less pronounced increase with increasing TOC

content and as a consequence the � 0 increase also did show a lower increase with

TOC for the �eld cores. Therefore, electrolytic conduction did not increase signi�-

cantly. The Tufa sediments provide �eld samples that demonstrate how strongly the

complex conductivity can be a � ected by OM also under �eld conditions.

On the importance of organic matter content in SIP surveys Based on the �nd-

ings presented in the previous paragraphs, I demonstrate that SIP can delineate

zones rich in OM, and that even low fractions of OM (TOC <1%) signi�cantly alter the

electrical properties of unconsolidated media. To prevent data-misinterpretation,

the quanti�cation of TOC should be an integral part of the sediment characteriza-

tion for ground-truthing of (S)IP surveys, in particular, when interpreting data in soils

or other OM rich porous media.

If needed, further investigation on the CEC of the sediment could then follow. I did

not �nd evidence for another ”non-classical” polarization mechanism as proposed

by Katona et al. [2021] and Mellage et al. [2022b]. To date, the CEC can thus be

regarded as the best predictor of OM polarization. With a CEC of 1.3 mmol chargeg
� 1
sed,

the OM used in this study is comparable to 2:1 clay minerals of very high CEC and

considerably higher than 1:1 clay minerals [Carrol 1959]. The CEC varies from site to

site, which is why the organo -phyiscal relationship between � 00and TOC that I derived

cannot be directly applied to other �eld sites and site-speci�c quanti�cations of the

CEC are required to estimate the relative importance of the OM.
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4.2. Monitoring of abiotic cation exchange - towards online

monitoring with SIP

In section 4.1, I show evidence that polarization on OM follows similar principles as

electrochemical polarization on mineral surfaces. To put this to the test under dy-

namic, reactive conditions I compared the SIP response during �ow-through experi-

ments injecting di � erent cations for a certain amount of time. I chose a monovalent

cation (Na+) and two divalent cations with di � erent surface complexation strengths

(Ca2+ and Zn2+). The columns were �lled with a calcite sand-peat mixture and Ca 2+-

dominated pore water. In this system, I monitored the cation exchange reaction oc-

curring as the injected cation C n+
inj replaces the background cation C m+

bg in the EDL

of the OM:

C n+
inj (aq) + n

m [C m+
bg � OM] ��� *) ��� n

mC m+
bg (aq) + [C n+

inj � OM]. It is a reaction that -in

theory- solely alters the composition of the EDL while other subsurface properties

(�gure 2.2) are una � ected by it. Under these circumstances, the e � ect of the reac-

tion on � 00should be predictable based on the change in surface ion mobility induced

by the cation exchange. Surface ion mobility describes the mobility of ions in the EDL

in dependence on the attractive forces between surface and ion. Consequently, ions

with a higher charge or ions that form complexation-type bounds with the surface

have a lower surface ion mobility than those with a lower charge and no complex-

ation interactions. Since the � 00is directly proportional to the surface ion mobility

[Revil 2012; Hao et al. 2015], I expected Na+ as a monovalent, non complexing ion

to increase � 00, whereas Zn2+ as a divalent, complex forming ion [Randhawa and

Broadbent 1965; Himes and Barber 1957] should cause a decrease of � 00. Injecting

a higher concentration of the background cation Ca 2+ should not alter the surface

ion mobility and thus � 00strongly. Having a clear expectation on how the � 00signal is

a� ected by the reaction of interest is the prerequisite for online monitoring with SIP.

Hence, these experiments enabled me to explore how SIP can be utilized for qualita-

tive online monitoring. In addition, I investigated to which extent the incorporation of

SIP data into reactive transport modeling frameworks can replace 'traditional' geo-
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chemical samples or improve the determination of reaction parameters.

Qualitative monitoring of cation exchange processes Figure 4.2 shows � � 00ver-

sus � � 0 timeseries of the three cation injections at a single SIP measurement loca-

tion. The arrival time, and pulse duration of the conservative, coinjected, anion Br –

was captured by � � 0 (grey, dashed lines) in all cases [Ben Moshe et al. 2021]. Inline

with the theoretically expected behavior for classical electrochemical polarization,

the di� erent surface ion mobilities of the three cations became directly evident from

the di� erent � � 00time series (colored lines), with Na + having the strongest increase

of � 00and Zn2+ showing a constant decrease of � � 00after an initial increase. This ex-

periment provided further evidence that OM polarization is very comparable to elec-

trochemical polarization of mineral surfaces. OM-free control columns did not show

evidence for cation exchange taking place on the calcite sand and only a very low

� 00signal was recorded. Consequently, both the observed SIP signal and the cation

reaction itself can be attributed to the OM in the system.

Until this point, I neglected the increase and decrease of � � 00at the beginning and

end of the breakthrough that was observable in all three experiments. I attribute it

to a change in electrical conductivity (EC) of the injected solution as NaBr, CaBr 2 or

ZnBr2 are added to the background solution and it raised the question whether and

how the e� ect of surface ion mobility changes can be separated from a change in

� � 00due to EC variations in the pore water.
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4. Results and discussion

Figure 4.2: Comparison of the change in real and imaginary conductivity during the injection
of di� erent cations into OM containing columns: NaBr (a), CaBr 2 (b) and ZnBr2
(c). The frequency of 1 Hz was chosen as it showed the lowest impact of electrode
polarization e � ects on the data.

Removing electrical conductivity e � ects from the � � 00signal Separating the re-

active, ion exchange driven component of � � 00, � � 00
IE , from the change driven by a

change in EC, � � 00
EC, required knowledge on the EC at the location and time point of

the SIP measurements. As a proxy for EC, I used the concentration of the conserva-

tive anion Br – at the midpoint of the potential electrodes. Br – marked the beginning

and end of the high-salt injection and the concentrations could be determined using

a RTM calibrated to out�ow measurements. Assuming a linear relationship between

EC or c(Br–) and � � 00yields:

� � 00= � � 00
IE + � � 00

EC = � � 00
IE + a� c(Br� ) (6)

in which a (� S L cm� 1 mmol � 1) is the linear proportionality constant between the

aqueous concentration of bromide c(Br� ) (mmol L� 1) at the midpoint of the potential

electrode pair and � � 00
EC. While Weller et al. [2011] found a power law relationship

between between EC and� 00, I chose a linear relationship primarily because of the

small range over which EC varied in this experiment and to keep the amount of pa-

rameters as low as possible. This parameterization provided the �rst step for the

direct coupling of SIP data and a RTM, that will be discussed in the next section.

Constraining solid phase concentrations - SIP and RTM In the case of Zn2+, the

qualitative monitoring using the � � 00/ � � 0 plots helped to identify zones of di � erent
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reactivity (�gure 4.3a-c). The ZnBr 2 injection resulted in a spatially variant trend

in � � 00after the initial increase during the breakthrough of the conservative so-

lute front. Closest to the inlet of the column (�gure 4.3a), � � 00started to decrease

whereas with increasing distance to the inlet this started later (�gure 4.3b) or was

not the case (�gure 4.3c). I interpreted this as a sign for complete Zn 2+ sorption in

the �rst part of the column, where an e � ect on � � 00is observable. This agrees with

the absence of Zn2+ in the out�ow. The � � 00/ � � 0plots shown in �gure 4.2 condensed

the information stemming from the multidimensional SIP measurements into a for-

mat that can be quickly evaluated and is thus valuable in the monitoring of column

or other time-lapse experiments.

To transfer this qualitative interpretation into the RTM framework, the fraction of

� � 00that is related to ion exchange, � � 00
IE , was linked by a proportionality constant

pinj (� S g cm� 1 mmol � 1) to the concentration of the injected cation, sinj (mmol g � 1)

on the OM:

� � 00
IE = pinj � sinj (7)

Combining equations 6 and 7, lead to a full parameterization of � � 00that could be

used in the RTM framework to constrain the sorbed concentration s.

In �gure 4.3a-d the �t of a RTM to the out�ow concentration data and � � 00are

shown for the Zn2+ injection. The ion exchange was described by competitive Lang-

muir sorption of the injected Zn 2+ and the background ions Me 2+ (combining Ca2+

and Mg2+ into one species for the modeling). The model predicted both data sets,

concentration data and � � 00well. The decreasing e� ect of Zn2+ sorption on � � 00be-

comes evident from the separation of � � 00into the ion exchange and EC component.

Testing the model performance with a di � erent amount of model data, revealed that

the SIP data were not able to fully replace the information on the background cations

and using only a third of the concentration data ('reduced dataset') was su � cient to

predict the out�ow behavior even in the absence of the SIP data. That the addition

of � � 00into the dataset did make a di � erence can be observed in the spatial pro�les

of sorbed Zn2+ concentrations (�gure 4.3e). They are shown at the end of the Zn 2+
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injection. A Bayesian parameter estimation allowed to also estimate the uncertainty

of the model �t, and the addition of SIP data to the dataset reduced the uncertainty

of the sorbed concentrations as well as the uncertainty of some parameters (shown

in section A.3) signi�cantly. In agreement with the qualitative interpretation of � � 00,

the Zn2+ sorption was restricted to the upper part of the column in scenarios where

the � � 00data were used for model calibration.

This research project is a proof-of-concept on how (S)IP data can be incorporated

in reaction monitoring of reactions involving charged surfaces. Separating � � 00into

a fraction caused by changes in EC from those caused by the reaction can enhance

the interpretability of SIP signals in dynamic systems and facilitates the assessment

of relative e � ects of di � erent processes on � � 00.

The incorporation of SIP data into reactive-transport modeling schemes has been

proposed [Kessouri et al. 2019], however, to my knowledge, this was the �rst direct

coupling of SIP data and a RTM that highlights the potentials and (current) limitations

of the addition of SIP data in the model calibration. With the simple relationships in

this work, I demonstrate how quantitative coupling may be implemented. Yet the

additional information gained was limited, with the exception of a reduction of pa-

rameter uncertainty. SIP data couldn't fully replace concentration data of a reactive

species in this experiment. In general, such a coupling could lead to more accurate

and comprehensive models, helped identifying missing processes and thereby ad-

vanced our capability to monitor and interpret complex geochemical processes in

situ.
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Figure 4.3: Model-data comparison of the simulation of the Zn 2+-experiment using all chem-
istry data (left column). Panels a – c show the comparison of the simulated � � 00

compared to measured � � 00at all locations. In addition, the contribution of elec-
trical conductivity, � 00

EC , and the ion exchange reaction, � 00
IE , to the overall change

in � 00are shown as dotted and dashed lines, respectively. In panel d the simulated
concentrations are compared with the measured concentrations. Additionally, a
pro�le of the simulated sorbed concentrations of Zn 2+ at the end of the injection
is shown for di � erent parameter estimation scenarios (e). The dashed lines in
panel denote the location of the SIP measurements and the out�ow. The shaded
areas show the range between the 5th and 95th quantile.
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4.3. Distinguishing between biotic and abiotic reactions

Due to the ubiquitous presence of microbes and their unique role in catalyzing impor-

tant reactions in the subsurface, a non-invasive monitoring of microbially-mediated

reactions in natural, complex sediment mixtures would amplify the potential applica-

tions of SIP monitoring. For this, it is key to identify potential limitations in measure-

ment sensitivity, and to �nd approaches to distinguish biotic from abiotic reactions

that occur in parallel.

Natural sediments: A challenge for SIP measurement sensitivity? Despite grow-

ing evidence that SIP signals are a� ected by microbial abundance and activity, the

unique attribution of SIP signals to microbial processes in natural sediments has not

been investigated. In the presence of a polarizing background matrix it was unclear

whether the sensitivity of SIP is su � cient to detect changes in a volume fraction of

soils as small as that of microbial biomass. With denitri�cation, I chose a microbially-

mediated reaction that did not involve changes in the mineral fraction of the sedi-

ments due to precipitation/dilution e � ects so that changes in � 00can be attributed

to the microbial activity and abundance itself. Heterotrophic denitri�cation is the

microbial reduction of nitrate (NO –
3 ) via several intermediates to N 2, coupled to the

oxidation of organic carbon stemming from the solid organic carbon fraction [Rivett

et al. 2008b]. In part, denitri�cation was also chosen due to its environmental rele-

vance [Abascal et al. 2022; Camargo and Alonso 2006] and the challenges that are

associated with the quanti�cation of denitri�cation rates and their monitoring in the

�eld [Pinay et al. 2015; Gro � man et al. 2006].

To monitor biotic reactions with SIP under controlled conditions, I stimulated mi-

crobial denitri�cation in an sediment with its indigenous microbial community by in-

jecting nitrate into �ow-through columns. The sediment originated from the same

�eld site as the samples in section 4.1 and was rich in OM and calcite. A schematic

of the experimental set-up and details on the experimental procedure can be found

in the appendix A.1. The measured breakthrough curves were analyzed using a reac-
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Figure 4.4: Selected spectra in column 1 (Col-1) during (a) the biostimulation phase and (b)
the static incubation phase. The fraction of simulated active biomass is com-
pared to the maximum imaginary conductivity, � 00

max, of both columns and the non-
stimulated control at the same location in panel (c). The gray areas denote times
in which NO –

3 was injected.

tive transport model to obtain time-series of microbial activity at di � erent locations

within the column. They served as a comparison to link � 00signals to the denitri�ca-

tion reaction.

In �gure 4.4a and b, � 00spectra during the two phases of the experiment, namely

the continuous injection of NO –
3 (i.e. biostimulation, 4.4a) and the incubation of the

sediment under no-�ow conditions until the nitrate in the pore water was replenished

(i.e. static incubation, 4.4b) are shown. They highlight how the SIP signal increased

during the biostimulation which disappeared again during the static incubation. Dur-

ing the phase of bioactivity, a di � erent peak shape can be observed, compared to the

background polarization that is recovered at the end of the static incubation phase.
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This points towards an additional polarization mechanism being active during the

denitri�cation in addition to the background polarization. This additional polariza-

tion could be stemming from the microbes. To con�rm this hypothesis, I simulated

the fraction of active biomass based on the NO –
3 concentration data with a RTM. A

comparison of the temporal evolution of active biomass with the maximum of � 00in

both columns revealed striking similarities across both phases (�gure 4.4c) leading

to the conclusion that we are indeed observing a microbial contribution to � 00in a

natural sediment.

Microbial activity or abundance? In natural sediments cell densities are relatively

stable, but facets of the microbial community are known to become active in re-

sponse to the presence or absence of substrates [Lennon and Jones 2011]. Based

on electrochemical polarization and the ability of microbes to alter the chemical gra-

dients across the cell membrane and the cell surface itself [Konings et al. 2002; Mal-

oney et al. 1974], it is reasonable to assume that not only microbial abundance but

also microbial activity in�uence � 00. Due to the short time scale of the experiment, I

did not expect major changes of the microbial abundance but rather in the microbial

activity. In particular, I expected the microbial community to respond in metabolic

activity but not in biomass to a short time of 23 h where no NO –
3 was injected (after

119 h) and consequently implemented a biomass activation term in dependence of

the NO –
3 concentration based on a switch-function [Stolpovsky et al. 2011; Mellage

et al. 2015] in the RTM. The e� ect of microbial activity on � 00has not been investi-

gated in literature except for a study in which a reduction in � 00due to toxicity e � ects

on microbes was observed [Mellage et al. 2019]. Furthermore, it is an aspect that

has not yet been discussed in the context of experimental designs. However, it could

explain the di � erence in � 00magnitude between studies in the absence of substrates

(and thus activity) [Zhang et al. 2014; Abdel Aal et al. 2010] of less than 1 � S cm� 1

and in the presence of substrates [Joo et al. 2021; Mellage et al. 2018; Rosier et al.

2019] that were on the order of several � S cm� 1 analogous to this work. At this state,
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the relative e � ect of microbial abundance and activity remain unknown but this ex-

periment suggested that � 00might be strongly a � ected by the metabolic state, hence

activity, of the microbes.

Superimposed polarization mechanisms: Separation of biotic and abiotic reac-

tions The experiment was conducted in natural bicarbonate bu � ered groundwater

to which NaNO3 was added. As a consequence, a cation exchange reaction of Na +

with the background ions Ca 2+ and Mg2+ occurred synchronously some uncertainty

remained on how strong the microbial contribution to � 00was compared to the abi-

otic cation exchange reaction. Solely interpreting � 00data at a single frequency, as

shown in �gure 4.4c could be misleading. Therefore, I developed a decompositon

method to separate abiotic and biotic contributions to � 00based on their di � erence

in frequency-dependence.

Polarization due to a microbially-mediated reaction has a fundamentally di � erent

e� ect on the polarization than cation-exchange. While cation-exchange alters the

EDL on all charged surfaces, an increase in microbial activity and abundance leads

to a change of the ”EDL” of a very speci�c fraction, the microbes. Hence, cation ex-

change acts on all polarization length scales and consequently on all frequencies,

while biotic reactions alter the � 00signal only in a limited frequency range that cor-

responds to the polarization length scale of microbes. To separate these two contri-

butions to the signal, I applied a superposition of two Cole-Cole models (equation 4)

to account for polarization stemming either from the sediment matrix or from the

active microbial community, respectively:

� � = � 0 �

 

1 �

 

mmat �

 

1 �
1

1 + (i � ! � � mat)
cmat

!

+ mbac�

 

1 �
1

1 + (i � ! � � bac)
cmat

!!!

(8)

in which all terms have the same meaning as in the single Cole-Cole model (equa-

tion 4) but the subscripts ”mat” and ”bac” refer to the matrix- and bacterial-speci�c

coe� cients. In the following CCmatrix (CC = Cole-Cole) denotes the matrix-related

contribution to polarization and CC bacteria the polarization induced by the microbial

community. Cole-Cole model parameters have been shown to be highly correlated
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impeding parameter interpretation [B érubé et al. 2017; Fiandaca et al. 2018]. By re-

converting the parameters into complex conductivity values, ambiguities in parame-

ter estimation can be reduced because a subset of parameters is interpreted jointly.

The high correlation between the parameters also causes challenges during param-

eter estimation. For the two-term Cole-Cole model it was therefore necessary to

constrain the single parameters based on prior knowledge. First, the matrix-related

parameters � mat and cmat had to stay close to the parameter of a single Cole-Cole

model that was �tted to spectra obtained before the start of the experiment. Sec-

ond, � bac was constrained to reported peak frequencies of bacteria in the range of

2 - 30 Hz [Mellage et al. 2019; 2018; Rosier et al. 2019; Zhang et al. 2014] and a

Cole-Cole exponent cbac greater than 0.5 ensured a narrow peak around the peak

frequency. These constraints ensure that each polarization contribution maintains

its frequency-dependent shape while it can change in magnitude.

Before and after the biostimulation, the Cole-Cole decomposition attributed the

polarization to the matrix component, CC matrix , only. Figure 4.5a shows the Cole-

Cole decomposition at the end of biostimulation phase where it predicts that matrix

and bacteria contribute to a similar extent to the overall magnitude of electrochem-

ical polarization at the peak frequency of the bacterial polarization of 6 Hz. Plotting

only the the microbial contribution CC bacteria showed clearly, how microbial activity

increased during the biostimulation (�gure 4.5b) and then completely vanished again

once all NO –
3 is consumed (�gure 4.5c), while in the non-biostimulated control no

microbial activity can be expected based on the SIP data. Thus, the Cole-Cole de-

composition of the SIP response provided a means to quickly di � erentiate between

zones and times of high bio-activity versus no bio-activity independent of concentra-

tion data.
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Figure 4.5: Cole-Cole decomposition of the spectrum at the end of the biostimulation phase,
t=164 h, into its matrix and microbial component (a). Panels (b) and (c) show the
microbial component to the overall polarization during biostimulation and static
incubation, respectively. In grey, the results of the Cole-Cole decomposition ap-
plied to a control column that was not stimulated is shown.
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Overall, the relative temporal dynamics of � 00
max (CCbacteria) were similar to the mea-

sured � 00
max (�gure 4.4c) con�rming that � 00changes were dominated by microbial

activity during the denitri�cation experiment. The latter highlights that the polar-

ization of cell surfaces can play a signi�cant role in natural sediments despite their

small volume fraction. The removal of the simultaneously changing matrix polariza-

tion provides access to the actual microbial polarization magnitudes, the relevant

quantity for a future establishment of quantitative organo physical relationships be-

tween � 00and microbial abundance and activity in di � erent sediments or for di � erent

reactions.

5. Conclusions and outlook

In this thesis, I shed light on di � erent aspects of reaction monitoring with SIP. In

particular, I focused on methods to discriminate between di � erent processes that

contribute to � 00signals in the context of reactions that involve organic matter or

microbes in fully-saturated �ow-through systems. I showed that OM signi�cantly

contributes to the background polarization of a mixed sediment even at a low TOC

content. Additionally, I was successful at isolating the contribution of microbial pro-

cesses from abiotic parallel processes contributing to � 00signals. My experiments

showed that SIP is sensitive enough to (1) detect reactions happening on the surface

of OM and (2) changes in microbial activity in a natural sediment with background

polarization. This is key to transfer the method towards application cases.

In section 4.2, I showed how � � 00vs. � � 0plots could be applied as diagnostic plots

to qualitatively monitor solute breakthrough and cation exchange. Furthermore, I

proposed a framework to quantitatively incorporate � 00data into RTMs as a proxy for

sorbed concentrations. In section 4.3 I then showed an easy-to-implement Cole-Cole

decomposition approach that helped to discriminate between parallel polarization

contributions. The Cole-Cole decomposition successfully di � erentiated between mi-

crobially active and microbially inactive zones and times, a very valuable qualitative
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information for the monitoring of microbial reactions.

Requirements for a successful reaction monitoring In general, a successfully

monitoring reactions with SIP requires a su � cient sensitivity of the method towards

the reaction. This can be estimated beforehand by considering the background ma-

terial, the type of reaction, and its e � ect on the EDL based on geochemical princi-

ples. Special care has to be taken to assess the e � ect of other geochemical pa-

rameters on the SIP signal that are altered in the course of the experiment. These

include changes pH or electrical conductivity, precipitation/dissolution or sorption

of reaction products. Often such parallel signal contributions are inherent to the

experiment and cannot be prevented. On the contrary, if considered they can pro-

vide valuable information on the reactive system as well. In my thesis, I have pre-

sented di� erent approaches to account for parallel signal contributions, either based

on their di � erent frequency-dependent polarization or in combination with a RTM.

Applying these methods to other test cases and further re�nement of them would

strongly improve the applicability of SIP in reaction monitoring. Enhanced biostim-

ulation projects (e.g. Critchley et al. [2014]) could bene�t from SIP monitoring that

would provide direct information on the success and spatial distribution of biostim-

ulation. In particular, the a priori unknown duration of the ”conditioning” or ”lag”

phase is directly observable by SIP without the need for sampling. Such online mon-

itoring of microbial activity could open new options in terms of operational design

and control of biostimulation projects. This is also the case for more controlled sys-

tems like biotechnology applications, where SIP is gaining increasing interest [Slouka

et al. 2016; 2017; Turick et al. 2019].

SIP data processing and visualization for online monitoring During the di � erent

projects, visualization of multidimensional SIP data has been essential to draw con-

clusions from the acquired data. In this context, time series of the absolute change

of � 00and � 0at a single frequency in combination with a subset of spectra in the fre-

quency domain have been proven particularly useful. Both can be processed without
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prior knowledge from SIP data only and can thus help to understand reaction dy-

namics directly while the experiment is running. In previous studies, relative changes

have often been used to visualize temporal changes in SIP data (e.g. Abdel Aal et al.

[2010]; Mellage et al. [2019] or Rosier et al. [2019]) or single Cole-Cole �tted pa-

rameters have been shown over time (e.g. Mellage et al. [2019]). While this has the

advantage of an easy comparison with other datasets, e.g. concentration time se-

ries, a large part of the information contained the signal is lost and noise can be

exaggerated at locations where in absolute terms the signal is not changing signi�-

cantly. Looking at the absolute change in contrast allows to compare di � erent loca-

tions or experiments in their temporal evolution and signal magnitude. Choosing the

frequency that is most sensitive to the reactive process can typically not be deter-

mined beforehand. A frequency in the range of 1 Hz - 10 Hz, where the SIP signal is

less prone to measurement errors has been proven to be a good starting point. If the

spectra then show strong frequency-dependent changes, this frequency might be

updated at a later stage. For the identi�cation of microbially-active zones, measure-

ments over the entire frequency range (mHz to kHz) and a spectral decomposition

using a double Cole-Cole model is suitable. Because the Cole-Cole decomposition

presented in section 4.2 requires no site-speci�c geochemical data to constrain the

parameters it has also the potential to serve as a diagnostic tool to identify micro-

bially active zones already while an experiment is running. I decided not to present

time series of Cole-Cole parameters but rather parameter-sets as �tted � 00values,

e.g. following the peak maximum of a Cole-Cole �t over time, because Cole-Cole

parameters are strongly related[B érubé et al. 2017; Fiandaca et al. 2018].

Limitations and potential research directions Besides sensitivity limitations, the

e� ect of EC changes on � 00poses a major challenge in interpreting � � 00changes.

Whenever possible, experiments at which the EC is kept constant are advantageous

to study speci�c processes. In laboratory experiments, equilibration of the sedi-

ments with the background solution until the EC at the out�ow matches the in�ow
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EC strongly reduces the ambiguity in the observed signals. However, often it is im-

possible to keep the EC constant and a change in EC can also provide additional

valuable information, e.g. on the breakthrough of the non-reactive solute front (as

observable in � � 0 ) compared to the reactive front (as observable by � � 00). Further

research is needed to elucidate the quantitative relationship between EC and � 00in

di� erent sediments and complex multi-ionic pore water compositions, aiming for a

correction procedure of the � 00signal. In general, experiments under controlled con-

ditions in which di � erent polarization processes are induced at the same time will

help to further re�ne separation work�ows and to identify sensitivity limitations un-

der speci�c conditions. Such experiments can also provide the basis to further ad-

vance the Cole-Cole decomposition, especially through a more rigorous (Bayesian)

parameter estimation. By doing so, the quantitative potential of the decomposition

approach could be investigated further. In addition, a more in-depth understand-

ing of the polarization processes on cell surfaces is necessary for the monitoring

of microbially-mediated reactions. In particular, understanding the e � ect of di � er-

ent metabolic states from dormant cells to actively growing cells greatly enhances

the potential to incorporate � 00data into RTM as a quantitative proxy for microbial

abundance and activity.

Future work on di� erent OM types and mixtures with other polarizing sediment

components such as clay minerals could shed light on their relative importance un-

der di� erent environmental conditions. The experimental set-up used in section 4.1

was adopted from Mellage et al. [2022b] and can be easily applied to other sedi-

ments or arti�cial mixtures, which would ensure the comparability across studies

and the compilation of a larger database on organo -physical relationships. Further-

more, the complex conductivity signal of pure peats will require further investigation

to better understand mechanisms determining the � 00-signal in peatlands. An in-

depth characterization of the geochemical conditions in peatlands, including the pH

dependence of the CEC [Helling et al. 1964] will be necessary to understand the vari-

ability of the complex conductivity signal in purely organic environments.
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Finally, technical advances are required to upscale the presented methods to �eld

scale situations. Here, measurement errors due to inductive and capacitive coupling

e� ects of the inevitable long cables limit the frequency-range strongly and correc-

tion methods are required to account for them (see e.g. Wang and Slater [2019];

Zhao et al. [2013]). In that context, it appears most promising to focus on actively

induced reactions rather than trying to capture natural gradients in the presence

of sediment heterogeneity. An intermediate step for upscaling could be monitoring

of managed systems such as water �lters for the removal of arsenic or nitrate (e.g.

Li and Tabassum [2021]; Le et al. [2024]) with SIP, before approaching ”real-world”

conditions in the �eld.
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The field cores show evidence of a correlation between the TOC content and the imaginary conductivity of the 
sediment (R 2�=�0.67). We believe that the weak correlation is due to the experimental design and the inherent 
complexity of field samples, yielding a larger spread in the data. Measurement errors resulting from the installa-
tion of the electrodes at the core liners (current injection was performed at retracted electrodes) and from partial 
desaturation of the sediment during the drilling and transport of the cores to the laboratory likely contributed to 
this spread. Furthermore, we assigned the depth of the SIP measurements to the midpoint of the electrode array. 
However, SIP signals are sensitive to a volume interval rather than a single point (Mellage et�al.,�2018). The 
heterogeneity of the sediment (see Figure S4 in Supporting Information�S1 for core photographs), stemming from 
an irregular sequence of speckled carbonates and peat, likely also led to a slight discrepancy between the SIP 
measurements and the volume-averaged TOC and CEC. Finally, the, potentially depth-dependent chemistry and 
EC of the pore water was neither monitored nor held constant for the field cores. (Note: No pore water samples 
were extracted from the cores to avoid water loss and allow an accurate estimation of porosity). Therefore, we 
further investigated the relationship between TOC content and complex conductivity using artificial peat-calcite 
mixtures under more controlled conditions with constant pore water chemistry and conductivity.

3.2. Complex Conductivity of Artificial Peat-Calcite Mixtures and Field Cores

The relationships between complex conductivity (50�Hz) and TOC, CEC, and porosity in the artificial peat-sand 
mixtures are shown in Figure�2, together with the linear regressions of the real and imaginary conductivities 

Figure 1. Overview of the field core data, showing the (a) total organic carbon (TOC), (b) cation exchange capacity (CEC), (c) porosity, as well as the (d) imaginary 
and (e) real part of the complex conductivity at 53.4�Hz depth resolved from 2.5 to 8.4�m depth. Error bars in the TOC and CEC subplots indicate the standard deviation 
of triplicate measurements and the background colors indicate the sediment characterization as either tufa (white) or peat (dark gray).
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with TOC and CEC (Figures�2a–2c) and Archie's law for the electrolytic conductivity as a function of porosity 
(Figure�2d). Both � � and � � are presented as average values of all three potential electrode pairs in each triplicate 
to reduce the variability associated with the packing procedure. The eight different peat-calcite mixtures enabled 
us to cover a broad range of TOC values spanning over four orders of magnitudes from a trace amount of less than 
0.01% in the pure calcite columns to 41% TOC in the pure peat columns. For the linear regressions, we focused 
on the peat-calcite mixtures, excluding the pure-peat and pure-calcite samples. They lack mineral-OM interac-
tions thereby yielding different relationships between ���  and �� and TOC or CEC, likely driven by alternative 
polarization length scales (see Section 4). In Figure�2a, we show the relationship between the mean � � at 50�Hz 

Figure 2. Fitted linear relationships between complex electrical conductivity and selected soil properties: (a) � � versus total organic carbon (TOC) content, (b) � � 
versus cation exchange capacity, (c) � � versus TOC, (d) electrolytic conductivity versus porosity, (e) electrolytic conductivity versus pore water conductivity. Red 
markers: artificial peat-calcite mixtures; blue/green markers: measurements on field cores from the Tufa aquifer. Error bars for the peat-calcite mixtures show the 
standard deviation between the three measurements in one column. Note: Pure peat and pure calcite samples (diamond markers) were not considered for fitting the 
linear relationships for the peat-sand mixtures.
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While we cannot fully disentangle the relative effects of pore-structure changes and an increase in surface-site 
density, existing theory and the excellent agreement between the artificial peat-calcite mixtures and field cores 
for the relationship between � � and CEC (Figure�2b) strongly suggest that our results are driven by polarization 
stemming from the OM surfaces. Furthermore, the linear relationship between the CEC and � � suggests that 
polarization in our OM-containing sediments is driven by processes analogous to those at mineral surfaces.

4. The Polarization of Organic Matter: � � Spectra

In Figures�3a–3c we show the � �-spectra separately for low, medium, and high TOC contents (see Figure S6 in 
Supporting Information�S1 for an overview of all � � spectra). Apart from a general increase of � � at all frequen-
cies, we observe a shift in peak frequency from less than 0.01�Hz for TOC <1% to 50�Hz in the medium- and 
high-TOC content mixtures. In addition, the pure peat exhibited a secondary polarization with a peak frequency 
at about 1.5�Hz. The different frequency-dependent polarization between the mineral-OM mixtures and pure peat 
highlights a different relationship between �� and TOC in pure peat, and justifies its exclusion from our linear 
regression (Figure 2). The frequency peak is related to the timescale of polarization. Higher frequencies suggest 
shorter timescales for relaxation and back-diffusion. The time scale is controlled by the chemical properties of 
the EDL and the length-scale over which ion migration occurs. Thus, for a system with similar chemical proper-

Figure 3. Imaginary conductivity (� �) spectra of the peat-calcite mixtures. (a): low, (b): medium, (c); high total organic carbon (TOC) contents. The spectra are the 
averages of triplicates for each treatment, showing their mean value and the standard deviation as a shaded area. In panels (d–f), the spectra of the artificial peat-calcite 
mixtures are compared to spectra of field core sections with comparable TOC contents. Markers above 100�Hz for field measurements are colored in gray, denoting the 
lack of confidence in these data related to measurement biases inherent to the electrode array used on the field cores. (Note: the different y-axis scaling for each panel.)
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ties, changes in peak frequency suggest a shift in the dominant polarization length scale (e.g., Schwarz�(1962), 
for spherical grains). Assuming that the polarization response is entirely related to the OM and applying the 
relationship between relaxation time and the polarization length scale (Weller & Slater,�2019) with a constant 
surface-diffusion coefficient, the shift in peak frequency would correspond to a decrease of the dominant polar-
ization length scale by a factor of about 100. We attribute this shift toward lower polarization length scales to a 
transition from polarization over single, isolated OM particles in a calcite-sand matrix to the formation of a pore 
structure network of connected OM particles in which the pore size is now the dominant polarization length scale. 
In that context, the polarization of pure peat (Figure�3c) would indicate the presence of two main pore sizes. This 
aligns well with the fact that peat is known to have two dominant pore sizes (dual-porosity) that control the flow 
of water (Kleimeier et�al.,�2017; Rezanezhad et�al.,�2012,�2016), which likely also influence current flow and 
polarization.

Figures�3d–3f compare the spectra of field cores with those of the artificial mixtures for similar TOC contents. 
Due to the linear scale of the y-axis, the lower � � response in the field cores becomes more prevalent than in 
Figure�2, but the spectral characteristics are still comparable. (Note: The differences in magnitude between field-
core spectra and spectra from the artificial mixtures relate to the differences discussed in Section�3.2, pertaining 
to the single-frequency relationships that were derived from the spectral responses). Both, field cores and artifi-
cial mixtures show an increase in � � with increasing frequency and a peak frequency at about 50�Hz. This also 
holds for the measurements in pure peat, where the field-core spectra lack the secondary peak at about 1.5�Hz 
(Figure�3f) indicating that it might be an artifact of the repacking of the peat into columns.

5. Conclusions

Solid OM can change the � � response of a sediment by several orders of magnitude and should therefore not be 
neglected in the interpretation of complex conductivity data. Therefore, to prevent data-misinterpretation, the 
quantification of TOC should be an integral part of the sediment characterization for ground-truthing of (S)IP 
surveys, in particular, when interpreting data in soils or other OM rich porous media. Our results suggest that the 
high CEC is the main property of OM that determines its polarization strength.

With a CEC of 1.3 mmolcharge gsed 
�1 , the OM used in this study is comparable to 2:1 clay minerals of very high 

CEC (e.g., vermiculite with reported CEC values of 1–1.5 mmolcharge gsed 
�1 ) and considerably higher than 1:1 clay 

minerals such as kaolinite (0.03–1.5 mmolcharge gsed 
�1 ) or illite (0.1–0.4 mmolcharge gsed 

�1 ) (Carrol,�1959). Given 
that the chemical composition of OM is site specific and depends on many factors (e.g., origin of OM, degree 
of decomposition, pH), the relationship between � � and TOC content derived in this work is also specific for the 
type of OM (peat) used here and should not be directly applied to other systems. A difference in the OM compo-
sition and thus also CEC may explain the contrasting results reported by the handful of previous studies that 
investigated the effect of OM on SIP signals versus this work. Future work on different OM types and mixtures 
with other polarizing sediment components such as clay minerals could shed light on their relative importance 
under different environmental conditions. Furthermore, the complex conductivity signal of pure peats will require 
further investigation to better understand what mechanisms determine the � �-signal in peatlands. Given that 
the CEC of OM is expected to highly depend on pH (Helling et�al.,�1964), an in-depth characterization of the 
geochemical conditions in peatlands will be necessary to understand the variability of the complex conductivity 
signal in purely organic environments.

In addition to highlighting the importance of considering OM in SIP signal interpretation, the findings herein, 
highlight the relevance of geophysical methods for the characterization of OM-rich soils and peatlands. Such 
applications are poised to improve our capabilities to monitor carbon cycling at higher spatial and temporal scales 
in vulnerable, and rapidly changing environments in the era of climate change.

Data Availability Statement

The SIP data, the geochemical data and the data processing and analysis scripts are available at Strobel, Doerrich, 
et�al.�(2023).
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Erratum

The originally published version of this article contained an error in how the authors derived the relationship 
between imaginary conductivity (��� ) and solid organic carbon content (as TOC). In particular, the authors fitted 
a linear model in log-log space, which corresponds to a power-law relationship and not a linear relationship in 
linear space, as was erroneously reported in the original article. Therefore, they revisited their analysis and fit a 
linear model in linear space to provide a more quantitatively sound TOC-���  relationship. Figure 1 now shows a 
comparison of the previous power-law and the new linear relationship both in a linear-linear and a log-log plot 
(upper and lower row, respectively). In line with the authors’ interpretation of contrasting polarization length 
scales (Section 4) in pure peat and mixtures of peat and calcite-sand, the authors have omitted the pure-peat and 
pure-calcite samples and limited the revised analysis to mixed mineral-OM samples. The following text should 
be added after the third sentence of the first paragraph of Section 3.2: “For the linear regressions, we focused 
on the peat-calcite mixtures, excluding the pure-peat and pure-calcite samples. They lack mineral-OM interac-
tions thereby yielding different relationships between ���  and �� and TOC or CEC, likely driven by alternative 
polarization length scales (see Section 4).” The following text should be included after the third sentence of 
Section 4: “The different frequency-dependent polarization between the mineral-OM mixtures and pure peat 
highlights a different relationship between ��� and TOC in pure peat and justifies its exclusion from our linear 
regression (Figure 2).” This is in full agreement with the original conclusions, where the authors discussed that 
controls on polarization in pure peat might vary from sediment mixtures: “Furthermore, the complex conduc-
tivity signal of pure peats will require further investigation to better understand what mechanisms determine the 
��-signal in peatlands. Given that the CEC of OM is expected to highly depend on pH (Helling et al., 1964), an 
in-depth characterization of the geochemical conditions in peatlands will be necessary to understand the varia-
bility of the complex conductivity signal in purely organic environments.” Finally, The caption of Figure 2 also 
needs to be changed as follows: “Figure 2. Fitted linear relationships between complex electrical conductivity 
and selected soil properties: (a) � � versus total organic carbon (TOC) content, (b) � � versus cation exchange 
capacity, (c) � � versus TOC, (d) electrolytic conductivity versus porosity, (e) electrolytic conductivity versus 
pore water conductivity. Red markers: artificial peat-calcite mixtures; blue/green markers: measurements on 
field cores from the Tufa aquifer. Error bars for the peat-calcite mixtures show the standard deviation between 
the three measurements in one column. Note: Pure peat and pure calcite samples (diamond markers) were not 
considered for fitting the linear relationships for the peat-sand mixtures.” The errors have been corrected, and 
this may be considered the authoritative version of record. 
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