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Abstract

Water, an essential element of life, is recently impacted by several issues,
including climate change, affecting its quality. One of the changes in water
quality is brownification, which results in water with a browner color. This
yellow-brown color of water in a lake or any water surface can disrupt the
treatment process and the aesthetics of the water body, thus increasing
costs in the long run. In recent years, research on the brownification of
water in lakes has come into focus, enhancing the opportunity to reduce
vulnerability due to the presence of organic matter content in surface wa-
ter. However, the correlation between Natural Organic Matter (NOM) in
sediment and geophysical properties/signals has not yet been investigated.
This thesis examines the correlations between geophysical signals derived
from Spectral Induced Polarization (SIP) measurements and the concen-
trations of iron (Fe) and Total Organic Carbon (TOC). Sediment and
water have been sampled from various locations in Lake Bolmen, situated
in southern Sweden, primarily from ditches along its smaller tributaries.
These samples have been subjected to analysis for multiple parameters,
including TOC, Fe, dissolved oxygen, turbidity, color, and pH. Subse-
quently, the data were analyzed to investigate potential correlations. The
results of this thesis suggest that there is no direct correlation between
NOM in sediment and SIP signals. Although some weak correlations be-
tween certain SIP-measured data and NOM can be observed, they are not
significant given the limitations of the analysis. However, assessing these
relationships requires further investigation and long-term observation.
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Sammanfattning

Vatten, en väsentlig best̊andsdel av livet, riskerar i allt högre grad att
förändras negativt av olika problem, inklusive klimatförändringar, vilket
p̊averkar dess kvalitet. En av förändringarna i vattenkvaliteten är bruni-
fiering, vilket innebär vatten med en brunare färg. En gulbrun färg p̊a
vatten i en sjö eller p̊a en vattenyta kan störa behandlingsprocessen i vat-
tenverk och minska vattnets estetiska värde, vilket ökar kostnaderna för
dricksvattenförsörjning p̊a l̊ang sikt. P̊a senare år har forskning om bruni-
fiering av vatten i sjöar kommit i fokus och förbättrat möjligheten att min-
ska s̊arbarheten p̊a grund av närvaron av organiskt material i ytvatten.
Emellertid har korrelationen mellan Naturligt Organiskt Material (NOM)
i sediment och geofysiska egenskaper/signaler ännu inte undersökts. Detta
examensarbete undersöker sambanden mellan geofysiska signaler härledda
fr̊an mätningar av spektral inducerad polarisation (SIP) och koncentra-
tionerna av järn (Fe) och Totalt Organiskt Kol (TOC). Sediment och
vatten har provtagits fr̊an olika platser vid sjön Bolmen, belägen i södra
Sverige, främst fr̊an diken längs dess mindre bifloder. Dessa prover har
analyserats med avseende p̊a flera olika parametrar, inklusive TOC, Fe,
löst syre, turbiditet, färg och pH. Därefter analyserades data för att un-
dersöka potentiella samband. Resultaten av denna undersökning antyder
att det inte finns n̊agon direkt korrelation mellan NOM i sediment och
SIP-signaler. Även om vissa svaga samband mellan vissa SIP-mätdata
och NOM kan observeras är de inte signifikanta med tanke p̊a analysens
begränsningar. Att slutligt bedöma dessa samband kräver dock ytterligare
undersökningar och l̊angvariga observationer.
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1. Introduction

1.1 Background

Water, a fundamental elixir of life, is necessary for all sorts of life on earth.
It is considered to be a vital element for achieving an adequate standard
of living (United Nation, 2023). Although in recent decades, different fac-
tors, including climate-induced uncertainties (Frederick & Major, 1997)
and human induced water stress (Mehran et al., 2017) have played a great
role in exponentially degrading the 3% of available fresh water worldwide.
It is apparent that the prioritization of ensuring the production of high-
quality drinking water is of utmost importance. This entails an analysis
of various factors, including cost and accessibility, along with a thorough
evaluation of water sources and treatment methods to meet strict quality
criteria.

The physical, biological, and chemical characteristics of water can help to
ensure good quality (Arora, 2017). In recent decades, lake water in the
northern hemisphere has shown an increase in trend in brownification,
which results in a yellow-brown color of the surface water (Klante et al.,
2021). Several studies have demonstrated a strong correlation between
increased NOM concentration and increased brown water color, analyzing
various factors such as Dissolved Organic Carbon (DOC) concentrations
(Kritzberg, 2017), Iron concentration (Kritzberg & Ekström, 2012), and
different drivers including climate change (Larsen et al., 2011), types of
land use (Meyer-Jacob et al., 2015). Upon examining these data, it be-
comes evident that the primary cause of the brown coloration in water is
the accumulation of Natural Organic Matter (NOM), a blend of diverse
organic compounds of varying sizes stemming from soil decomposition.
The brown color and higher NOM concentration are accompanied by un-
desirable consequences like; variable lake temperature (Bartosiewicz et al.,
2019; Houser, 2006), higher cost in the drinking water treatment process
(Cromphout et al., 2008). Therefore, it is important to mitigate the ef-
fects that are causing the change in water bodies, especially to reduce the
drinking water treatment cost. Although there are plenty of studies avail-
able regarding NOM in surface water (Klante et al., 2022; Knap-Ba ldyga
& Żubrowska-Sudo l, 2023; Riyadh & Peleato, 2024), the correlation be-
tween NOM and different geophysical signal properties has not yet been
investigated.

Geophysical methods involve applying physical principles to study the
properties of underground by examining various materials’ characteristics
(Elias, 2013). Among the array of geophysical methods available for in-
vestigating different physical properties of subsurface geophysical features,
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Seismic Reflection surveying, Electrical Resistivity methods, Geomagnetic
methods, and Induced Polarization are commonly used. This thesis will
focus on the utilization of the Induced Polarization (IP) method. IP mea-
sures the electrical conductivity and polarization of earth material; when
it is measured over a wide range of frequency it becomes Spectral Induced
Polarization (SIP) (Martin et al., 2021). In previous studies, the relation-
ship between SIP and certain parameters such as textural configuration
(Kruschwitz et al., 2010; Weller et al., 2010) and permeability (Revil et
al., 2012) has been established. However, understanding the correlation
between geophysical signals and NOM concentration is a new research
field. This exploration holds significant potential in the SIP research do-
main, offering opportunities to develop new methods for investigating the
presence and quality of NOM in soil and groundwater. Therefore, in-
vestigating the possibility of a connection between NOM and geophysical
signals is important. Finding such a relationship could be highly helpful
in streamlining decision-making and yielding insightful information.

In southern Sweden, Sydvatten AB produces potable water for seventeen
municipalities, and twelve of them get water from Lake Bolmen (Sydvatten
AB, 2021). Sydvatten AB has the right to extract a maximum of 6000
liters/sec water from the lake through the Bolmen tunnel (Sydvatten AB,
2024). Over the last decades, the water in this lake has been highly
affected by brownification due to the increase in NOM, which comes with
a higher cost for the treatment process (Klante et al., 2021). This thesis
will focus on investigating any possible relationship between NOM in lake
sediment and SIP measurement, which can potentially leads to a better
understanding of NOM and SIP properties.

1.2 Objective

The objective of this thesis is to examine any possible correlation between
NOM and SIP signals obtained in laboratory measurement. Overall aims
of this research involves:

1. Investigate the possible relationship between the presence and con-
centration of Natural Organic Matter (NOM) in lake sediments and
corresponding geophysical signals acquired through SIP analysis.

2. Investigate the possible relationship between the different parame-
ters of lake water such as turbidity, color, pH, and Dissolved Oxygen
(DO) with geophysical signals obtained by SIP analysis.

The outcome can help to identify which factors affect others, such as the
dependent and independent variable when working with NOM and SIP
signals in future studies. Also it could potentially lead to a better under-
standing of the brownification process when measuring ground geophysics.
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Conversely, if no relationship is found, it will allow researchers to investi-
gate other phenomena without being constrained by geophysics.

1.3 Delimitation

The outcomes of this thesis are delimited by several factors, primarily
the heterogeneity of the collected samples, and limited number of samples
acquired which hinders the development of statistically significant rela-
tionships. Consequently, it is recommended that future research consider
these constraints to enhance the reliability and comprehensiveness of the
results.
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2. Study Area

2.1 Lake Bolmen

Lake Bolmen is situated at an altitude of 147 meters above sea level, and
spans an area of 183 square kilometers, with a mean depth of 6.8 meters
and a maximum depth of 36 meters. Exhibiting characteristics of the
lake is an indication of oligotrophic conditions, and the trophic status of
the lake is further distinguished by its humic nature. Moreover, the hy-
drological dynamics of Lake Bolmen are delineated by a water residence
time of 1.6 years, reflecting its circulation patterns and exchange processes
(Swedish Infrastructure for Ecosystem Science, 2023). The catchment
area, encompassing 1640 square kilometers, comprises a heterogeneous
landscape classified by 64% forest cover, 8% mire and wetland expanses,
15% lake coverage, 8% agricultural land use, and a residual 5% classified
under other land categories (Swedish Meteorological and Hydrological In-
stitute, 2023). Moreover, it is the 12th largest lake in Sweden, covering
water supply for 600,000 people living in Sk̊ane (Eklund et al., 2016).

The inflow of the lake is dominated by two tributaries, Stor̊an and Lill̊an,
coming from the north-western side. Stor̊an drains around 30% of the
drainage basin (Borgström, 2020). On the western side there is also a big
inflow from the lake’s Unnen outflow, called Lidhults̊an. Different small
tributaries and creeks like Mur̊an, Ryds Å, Dannäs̊an, Smedjebäcken,
Torarpsviken, and Lillasjöbäcken are contributing to the lake inflow, but
in a small amount. Figure 1 shows the land use around the lake and
some important inflows. Bolmen is well-known for its impressive range of
plant and animal species, with a wide variety of fish and birds, as well as
lush vegetation on the many islands. It is not only an important location
for academic research but also a crucial source of clean drinking water
for multiple municipalities and urban areas, thanks to the Ringsjöverket
purification facility. Despite its ecological importance, there are ongoing
challenges for achieving a satisfactory chemical water quality status. Pol-
lutants like mercury compounds and brominated diphenyl ether, which
come from various sources, including atmospheric deposition, continue to
pose significant obstacles (Water Information System Sweden, 2024). For
this thesis, locations from Lake Bolmen’s catchments, mainly ditches along
smaller tributaries, have been selected. Figure 2 shows the location of the
sample collection sites. These locations are situated along two smaller
streams named Ryds Å and Mur̊an. Sections 2.2 and 2.3 provide further
descriptions for considering these two smaller tributaries.
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Figure 1: Geographic features surrounding Bolmen including selected tributaries and land
use patterns.
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Figure 2: Flow path of streams Ryds Å and Murån with sample collection points. The green line represents
the flow path of Ryds Å, and the purple line illustrates Murån’s flow path. Sample collection points are
marked with red circles for each location. Map is provided by Water Information System Sweden (2024).
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2.2 Ryds Å

Ryds Å is a small stream originating from village R̊as and passes Es-
penäsmosssen before it merges with Lake Bolmen. Since 1985, this lo-
cation (Espenäsmosssen) has been utilized for peat extraction for energy
purposes under the management of Södra Skogsägarna. The Kronoberg
County Administrative Board has issued multiple permissions over the
years, extending the current one until 2040 with an operational area of
66 hectares, this permit covers 188 hectares and permits the extraction of
total 1.5 million cubic meters of peat, with an annual extraction of 0.07
million cubic meters according to Ström and Karlsson Öhman (2024).
They mentioned that Ryds Å has a deeper color and the iron is an im-
portant contributor for the color. They also mentioned the necessity of
studying the small ditches connected to it before flowing to Lake Bolmen.
Therefore, in this thesis, four smaller ditches closer to the outlet have
been taken into account. Further study is needed to verify the relation
between peat extraction and browning in this particular area, but studies
in general show that peat extraction can enhance the browning of surface
water (Estlander et al., 2021; Härkönen et al., 2023). The sample col-
lection points in Ryds Å include a total of six locations, comprising four
ditches (R7-D1, R7-D2, R7-D3, and R7-D4), as well as locations R7 and
R10. R7 and R10 are approximately 1500 meters apart from each other,
and the four ditches intersect perpendicularly with R10, flowing towards
Lake Bolmen. Figure 2 shows the detailed locations of the sampling points
along Ryds Å, while Table 1 presents the coordinates of these locations
with corresponding sample name for sediment and water samples.

Table 1: Coordinates of sampling location (SWEREF99)

Location
Lat

(North)
Lon

(East)
Sediment
Sample

Water
Sample

M2 6294127.00 416887.00 M2-S M2-W
R10 6296019.00 413501.00 R10-S R10-W
R7 6295115.00 412564.00 R7-S R7-W

R7-D1 6296065.90 413364.43 R7D1-S R7D1-W
R7-D2 6296075.73 413390.07 R7D2-S R7D2-W
R7-D3 6296087.77 413414.63 R7D3-S R7D3-W
R7-D4 6296073.24 413399.13 R7D4-S R7D4-W

2.3 Mur̊an

Flowing amidst the forest, Mur̊an is a river that drains ditches into Bolmen
from the southern side. According to the map by Geological Survey of
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Sweden (2024), the surroundings of Mur̊an resemble those of Ryds Å,
characterized by peatlands. Grisåadran, a small tributary, also passes
through Espenäsmosssen before joining Mur̊an. Therefore, Mur̊an has
also been considered in this thesis. According to Klante et al. (2021), the
difference in color and TOC at Mur̊an shows significant changes from 2012
to 2018, compared to the other stations used in that study. The flow path
of the streams Ryds Å and Mur̊an can be seen in Figure 2.
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3. Methodology

3.1 Data collection and Field Analysis

Data collection was carried out along two smaller streams that entered
from Lake Bolmen’s southern edge, as detailed in Section 2. Each data
point in the sample was geo-referenced to determine its precise coordinates
(Table 1). Each selected location is situated upstream from Lake Bolmen.
While streams R7 and R10 had sufficient flow during the data collection
period, stream M2 experienced low water levels, and all ditches (R7-D1,
R7-D2, R7-D3, and R7-D4) were frozen in the top layer. Data collec-
tion occurred in February 2024, when the temperature was below -5◦C.
Sampling at these points involved collecting both sediment and water.

3.1.1 Sediment Sample

Two types of sediment samplers have been utilized for collecting samples
from ditches and streams: the Kajak sediment sampler and the Ekman-
Birge sampler. Using an acrylic tube that is 50 cm long and 5.5 cm in
diameter, the Kajak sediment sampler gathers a complete sediment core
sample (KC Denmark, 2022). The Ekman-Birge sampler, on the other
hand, is a type of grab sampler that is usually intended for shallow water
and can only capture the top sediment sample from the lake bed (Birge,
1922; Ekman, 1911). The Kajak sampler was used to collect samples from
all the R7-Ditches, while the Ekman-Birge sampler was used for R10, R7,
and M2 due to easier access to the locations. Both the samplers and the
sample collection process are showed in Figures 17 and 18 of Appendix
A. After the sample collection, the sediments are placed in airtight plastic
containers to avoid any contact with air and stored in a freezer to minimize
organic decomposition. Approximately 1.5 kgs of samples were collected
at each spot, with most samples saturated with water.

3.1.2 Water Sample

Like the sediment samples, all water samples were collected consecutively
to maintain consistency in the results. However, the water samples were
collected before collecting the sediment sample to minimize sediment mix-
ing in the water. Initially, the water quality parameters have been mea-
sured with the YSI EXO2 in the field. This device features seven sensor
ports, a central wiper port, an optional depth sensor, and a battery com-
partment. It can measure 23 parameters simultaneously and is connected
via Bluetooth to a computer (YSI, 2024). Though several parameters
can be obtained from the sonde, for this thesis only four supposedly rel-
evant parameters have been used, keeping in mind brownification and
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possible NOM relation. The parameters that have been chosen are pH,
DO (mg/L), Conductivity (µS/cm), and Turbidity (FNU). Three liters of
water have been collected from each sampling site for the field test and
laboratory test, and they are collected in airtight sample bottles that have
been previously washed with distilled water.

3.1.2.1 Conductivity

Conductivity denotes a material capacity to conduct an electrical current.
It is typically quantified in microsiemens per centimeter (µS/cm). Water
conducts electricity due to the presence of ions and dissolved compounds.
The higher the presence of ions and dissolved compounds, the higher the
conductivity will be (Pal et al., 2015). Distilled water has a conductivity of
0.5–3 µS/cm (Atlas Scientific, 2024). In Sweden, the typical conductivity
of lake is between 20 µS/cm to 200 µS/cm (Göta älvs vattenv̊ardsförbund,
2016).

3.1.2.2 Turbidity

Waters clarity can be determined by measuring turbidity. Turbidity in
surface waters is primarily caused by the reflection of particle surfaces,
which affects the path of incoming light as it passes through the sample.
(Swedish University of Agricultural Sciences, 2023). Turbidity of water
can accomplish certain changes in aquatic environment (Secondi et al.,
2007), but it is not necessarily indicated as a water quality parameter
because high turbid water does not always represent poor quality water
(US EPA, 2021), but it can increase the treatment cost for certain cir-
cumstances (Davis et al., 2010).

3.1.2.3 Dissolved Oxygen

The parameter of Dissolved Oxygen (DO) is important in assessing the
quality of the water. For example, DO levels below 5 mg/L are insufficient
for fish to survive in water, and this indicates possible contamination
(Bozorg-Haddad et al., 2021). According to Knoll et al. (2018), long-
term browning in the water can lower the dissolved oxygen content in
an oligotrophic lake. In order to determine if DO and SIP signals are
interdependent, DO has been assessed in mg/L.

3.1.2.4 pH

Since pH provides information about a water’s biological, chemical, and
physical characteristics, it is regarded as a crucial water quality metric.
Dissolved Organic Carbon (DOC) in water acts as a weak acid, thus it
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help to regulate acidity in water by acting as a buffer when strong acid
is added in certain cases (Winterdahl et al., 2014). Klante et al. (2021)
demonstrated that organic matter tends to dissolve more readily in water
during the winter and spring when pH levels are lower, possibly resulting in
a more vivid coloration in the summer when rainfall increases. In addition,
increased precipitation in summer may further raise lake pH levels.

3.2 Laboratory Analysis

In this thesis, laboratory analysis has been conducted to thoroughly ex-
amine sediment and water samples. A portion of the collected sediment
sample (1 kg) has undergone testing for Total Organic Carbon (TOC) and
iron (Fe) contents, while the remaining 0.5 kg has been utilised for Spec-
tral Induced Polarisation (SIP) analysis. TOC and Fe contents have been
analyzed in an accredited laboratory of SGS Analytics AB. During the
same time as the sediment sample, SIP analysis has also been conducted
for the water sample. It is important to mention that, the conductivity
and pH of the water sample have also been measured in lab using a multi-
meter. As the temperature of the lab was 25◦C, the conductivity increased
as the temperature was much higher than that of the field (Hermans et al.,
2014). On the other hand, pH has decreased as the temperature increased
for all samples (Zaidi & Pal, 2015).

3.2.1 TOC and Iron contents

3.2.1.1 Total Organic Carbon (TOC)

Total Organic Carbon (TOC) represents all molecular organic carbon
species found in water source (Thurman, 1985). After removing the part
of inorganic carbon by acidification, TOC can be defined as the sum of
DOC (Dissolved Organic Carbon) and POC (Particulate Inorganic Car-
bon) (Sillanpää et al., 2015). Although TOC and DOC both can be used
as important parameters in Natural Organic Matter (NOM) removal in
wastewater treatment, their average differences in values are only about
5% (Gadmar et al., 2002; Köhler, 1999). Therefore, TOC and DOC is
closely identical in measures. Additionally, TOC represents color with a
strong connection and is consistent with color values (Finstad et al., 2016;
Klante et al., 2021).
The TOC measurement of the sediment sample has been done according
to the standard prEN 17505:2020. This test involves the dry combustion
method in the presence of oxygen at varying temperatures ranging from
150-900◦C.
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3.2.1.2 Iron (Fe)

Iron contributes to an essential part of freshwater, as its presence in water
is closely linked to its specific chemical form, providing availability and
mobility (Sharma et al., 2010). NOM can react with Fe ions and form
soluble complexes, affecting the aquatic environment (Karlsson & Persson,
2012). Previous studies have found that iron also contributes to change
water color (Ekström, 2013; Weyhenmeyer et al., 2012).
Fe in the sediment sample has been measured according to the standard of
EN 16171/ EN 16173 mod, which can outline various elements in sludge,
sediment, and soil. In order to dissolve the solid materials and liberate the
components of interest, this approach entails digesting the medium with
nitric acid. Following the digestion, the elements’ amounts are determined
using analytical methods suitable for each element (CEN, 2005).

3.2.2 Spectral Induced Polarization

Both sediment and water samples have been analyzed with Spectral In-
duced Polarization (SIP). SIP determined the complex resistivity of ma-
terial by measuring impedance magnitude and phase shift. This complex
resistivity can be inverted and divided into an omic part also denoted as
real part of conductivity and a polarization part also known as imaginary
part of conductivity. SIP measurements is usually taken over a board
range of frequency. The complex electrical resistivity can be denoted by:

1

ρ∗(ω)
= σ∗(ω) = |σ|eiφ(ω) = σ′(ω) + iσ′′(ω) (1)

Here, ρ∗(Ωm) is the complex resistivity, σ∗ (S/m) is the complex conduc-
tivity, |σ| (S/m) represents the magnitude of conductivity, φ (rad) is the
phase angle, σ′ (S/m) is the real part of conductivity, and σ′′ (S/m) is
the imaginary part of the conductivity. ω = 2πf (Hz) is the angular fre-
quency, and i =

√
1 represents the imaginary number.

The characterization of a material’s electrical properties involves the dis-
tinction between its real (σ′) and imaginary (σ′′) conductivity compo-
nents, each representing unique phenomena. The real part, shows how
conductivity changes with frequency and includes the flow of electricity
through the pores and across particle surfaces, showing both electrolytic
and surface conductivity. In contrast, the imaginary component is associ-
ated with phenomena related to the storage or redistribution of electrical
charge rather than the direct flow of electric current. It records polari-
sation effects across the frequency spectrum caused by charged surfaces,
showing that the sediment can hold charge and reflect different electrical
properties (Reynolds, 1997). To explain the obtained SIP data, inversion
modeling is used. The most common one for data inversion is Cole-Cole
model (Cole & Cole, 1941). By fitting the data, several parameters can be
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generalized, like conductivity (ρ), relaxation time (τ), and chargeability
(m). In Cole-Cole model the complex impedance Z∗(ω) can be written
as:

Z∗(ω) = R0

[
1 −m0

(
1 − 1

1 + (ωτi)c

)]
(2)

Here, R0 is the low frequency resistance, τ , c, and m0 are Cole-Cole pa-
rameters and i =

√
1 is imaginary number. These parameters can be

obtained by fitting the data into a inversion model.
Like Cole-Cole model, there are several other empirical models available
to fit the data with higher accuracy. One of them is Debye Decomposition
(Nordsiek & Weller, 2008). This model solve the problem of assuming
a single relaxation peak for Cole-Cole model. Debye Decomposition can
compose several Debye models, allowing larger spectral shape with multi-
ple relaxation peak.
In this thesis the data acquired from the SIP analysis has been fitted to
both Cole-Cole model and Debye Decomposition. From the fitted pa-
rameter, complex resistivity ρcc (Ωm) has been taken from the Cole-Cole
parameter, on the other hand relaxation time τDD (s), and chargeability
mDD have been taken from the Debye Decomposition.

3.2.2.1 Sample Preparation for SIP Analysis

All samples have been prepared in the laboratory before starting SIP
measurement. In order to eliminate air from the sample holder and reduce
erroneous readings, the sediment has been tamped with a tamping bar.
For the sediment and water samples, two different sample holders have
been used. Every sample holder has been cleaned and dried to eliminate
any contamination prior to the measurement. The weight of the sediment
and water was measured by subtracting the empty weight from the loaded
weight of the sample holder. The weights of sediment and water used for
SIP analysis are listed in Table 2. It is important to mention that the water
and sediment used in the sample preparation process were not filtered or
altered to maintain the same condition as in the field. Therefore, some
roots were found in the sediment sample, while some algae and suspended
particles were found in the water sample.

3.2.2.2 Instrument for SIP

A portable SIP unit (PSIP) from Ontash and Ermac, Inc. has been utilised
for SIP measurements (Ontash & Ermac, n.d.). Phase shift (φ) and
impedance magnitude (|Z|) have been measured at a range of frequencies,
spanning from 10000 Hz to 0.001 Hz. An amplitude of 5V and a number
of steps of 71 have been utilised for the maximum sweep settings. The
amplitude is measuring the maximum voltage reach by the imposed elec-
trical signal and number of steps is measuring number of frequency steps.
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Table 2: Sediment and water sample weight measured prior to the SIP measurements

Name
Sediment

(g)
Water
(g)

Temp.
(°C)

M2 84.6 78.5 25.7
R10 102.5 78.7 21.4

R7-D1 86.7 78.8 24.7
R7-D2 78.9 78.5 25.9
R7-D3 81.6 77.9 26.9
R7-D4 86.8 79 20.4
R7 133 79 22.6

With an integration time and cycle of 5 sec, the settle time and cycle have
been set to 1 sec. The settle time and settle cycles parameters determine
the duration before measurements commence. Meanwhile, the integration
time and integration cycles parameters control the duration designated
for measurement periods. The aforementioned configurations are only ap-
plicable for the main measurement that was considered throughout the
study. Nevertheless, three more measurements were taken over a shorter
period of time were used to verify the integrity of the main measurement.
Figure 3 is showing a laboratory setup for SIP measurement and water
conductivity test by multi meter. In Figure 21 of Appendix C the block
diagram of the PSIP unit is provided for further details.

Figure 3: Laboratory setup for SIP analysis (Multimeter in top left; Sample holder arrange-
ment in bottom right)

3.2.2.3 Data Analysis from SIP

From the PSIP unit, Impedance Z (Ω) and Phase shift φ (rad) have been
obtained. After that, phase shift φ (rad) has been converted to negative
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phase shift −φ (mrad) and impedance in resistivity ρ (Ωm) has been
obtained by multiplying k= 0.006138 with impedance (Ω). The equation
for computing resistivity ρ is as followed.

ρ =
V

I
∗ k (3)

where, V
I

represent the impedance Z (Ω) and k represent geometric factor
for the sample holder. From resistivity, real part of conductivity σ′ (S/m)
and imaginary part of conductivity σ′′ (S/m) can be calculated. Before
analyzing, data at frequencies above 103 Hz were cut off to neglect ep-
silon effects (Wang & Slater, 2019), because this effect can be seen at high
frequencies, where the dielectric properties of the materials, specifically
the dielectric permittivity, become significant. Occasionally occurring 50
Hz noise has also been omitted to neglect coupling effect. The analysis
includes frequency from the range of 10−2 Hz to 103 Hz.

The data analysis has been carried out with python3 with the help of
numpy and scikit-learn package. Non-weighted linear regression has been
used to find the correlation considering similar weight and simple random
sampling. The trend lines in the correlation graphs are calculated to
match the best according to dependent and independent values, but do not
necessarily indicate that, the model is good or bad predictor. The curve
fitting of the SIP analysis into Cole-Cole model and Debye Decomposition
model has been done by pyGIMLi (Rücker et al., 2017). It is an advanced
open source package for multi-method modelling and inversion application
of data in geophysics.

3.2.2.4 Porosity Calculation

The porosity of the sediment sample after placing it in the sample holder
has been calculated according to Archie’s law (Archie, 1942).

Ct =
1

a
Cωϕ

mSn
w (4)

where, Ct is the electrical conductivity for sediment (saturated with wa-
ter), Cω is the conductivity of water, m = 2 is cementation factor (as-
sumed), a = 1 is tortuosity factor (assumed), and Sw= 1 is the fluid
saturation of the pores, and n = 1 (assumed) is the saturation exponent.
Equation 4 can also be written as:

ρ0
ρw

= aϕ−mS−n
w (5)

Here, ρ0
ρw

represents the formation factor F. ρ0 is the resistivity of sediment
and ρw is the resistivity of water found from the SIP analysis after fitting
the data in to Cole-Cole model. S−n

w = 1 when the pore is water saturated.
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So, the formation factor F can be calculated as:

F =
a

ϕm
=

ρ0
ρw

(6)

From Equation 6 the porosity of the sample ϕ can be calculated for every
sample. Calculated values are shown in Table 5 of section 4.3.3.
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4. Results

The results of this thesis is divided into different parts for investigating
relations. Related parameters of SIP analysis (ρcc, τDD, mDD, σ′, σ′′) have
been compared with TOC, Fe, Water Color, Dissolved Oxygen, Turbidity
and pH. In addition resistivity (ρ10) and negative phase shift (−φ10) data
at a selected frequency of 10 Hz have also been taken into consideration
randomly to check with the fitted results and also to find correlation with
different NOM parameters.

4.1 Spectral Properties of SIPMeasurements

This section compares the measured data from the SIP analysis (before
fitting to the inversion model). Here, the resistivity and negative phase
shift are shown over the entire measured frequency range. Figure 4 shows
the resistivity of all sediment and water samples together. It can be seen
that, for all sediment samples, the value of resistivity is higher than that
of water. All the samples fall in the range of 150 to 250 Ωm except R7,
which is more than 300 Ωm. Figure 5 shows that, all sediment samples
exhibit larger phase shift effects, whereas the water sample shows almost
no phase shift. For sample R10, R7-D1, and R7 relatively low epsilon
effects can be seen on higher frequency.

The comparison of frequency vs resistivity and phase shift of sediment
samples are depicted in Figure 6 and for water sample in Figure 7. Among
the sediment samples R7 is showing the highest value of resistivity of 320
Ωm and M2 is showing the lowest around 145 Ωm (Figure 6a). For water
samples in Figure 7a R7-D2 has the highest value of around 170 Ωm and
R10 has the lowest value of around 75 Ωm. It is evident from Figure 6b
that all sediment samples exhibit a peak in negative phase shift within
the frequency range of 30–40 Hz. This range can be considered a peak
frequency, where a local maximum occurs. At frequency above 100 Hz, all
samples except R10 and R7 are influenced by higher-frequency effects. In
contrast, the negative phase shift of all water samples remains at close to
zero (Figure 7b).
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Figure 4: Frequency vs resistivity plots of all sediment and water samples. Legends showing
the sampling location with respect to the sample types. The figure is showing the entire fre-
quency range that have been measured.
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Figure 5: Frequency vs negative phase shift graphs of all sediment and water samples. Leg-
ends showing the sampling location with respect to the sample types. The figure is showing the
entire frequency range that have been measured.
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(a)

(b)

Figure 6: Frequency vs resistivity and negative phase shift of sediment samples. Figure (a)
is showing the results obtained from frequency vs resistivity and Figure (b) is showing the
results obtained in from frequency vs negative phase shift of sediment samples. Entire range of
frequency is considered for this figure.
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(a)

(b)

Figure 7: Frequency vs resistivity and negative phase shift of water samples. Figure (a) is
showing the results obtained from frequency vs resistivity and Figure (b) is showing the results
obtained in from frequency vs negative phase shift of water samples. Entire range of frequency
is considered for this figure.

4.2 Data fitting

As discussed in section 3.2.2, the SIP data has been fitted to Cole-Cole
model and Debye Decomposition model. The fitting results have been
used to obtain ρcc, τDD, and mDD. Table 3 is showing the values of fitted
parameters. Every sediment and water sample has gone through fitting,
but in Figures 19 and 20 of Appendix B one fitted data from location (M2)
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has been shown as example to reduce complexity. Figure 19 is showing the
fitted curve of sediment sample for location M2 and Figure 20 is showing
the fitted curve of water sample for location M2.

Table 3: Fitted data (ρcc, mDD, τDD) and Laboratory data (σ′, σ′′, ρ10, −φ10) for all
analyzed sediment and water samples

Type Sample ρCC (Ωm) mDD τDD (s) σ′ (S/m) σ′′ (S/m) ρ10 (Ωm) −φ10 (mrad)

Sediment

M2-S 148.5 0.06 4 × 10−3 7.0 × 10−3 6.2 × 10−5 141.7 8.8
R10-S 184.5 0.01 3 × 10−5 5.6 × 10−3 5.1 × 10−5 176.7 8.8

R7D1-S 198.1 0.05 2 × 10−5 5.5 × 10−3 1.1 × 10−4 181.2 18.1
R7D2-S 246.6 0.16 1 × 10−3 4.3 × 10−3 7.0 × 10−5 231.1 16.1
R7D3-S 172.7 0.10 2 × 10−5 6.1 × 10−3 1.0 × 10−4 163.4 16.5
R7D4-S 180.0 0.09 1 × 10−4 6.1 × 10−3 1.0 × 10−4 163.4 16.5

R7-S 323.7 0.10 6 × 10−3 3.3 × 10−3 4.8 × 10−5 300.2 14.7

Water

M2-W 107.6 0.07 7 × 10−3 9.3 × 10−3 1.4 × 10−7 107.4 0.02
R10-W 72.2 0.06 16 × 10−3 12.5 × 10−3 1.2 × 10−7 72.4 0.06

R7D1-W 79.7 0.12 16 × 10−3 5.4 × 10−3 4.9 × 10−8 79.4 0.01
R7D2-W 183.2 0.001 18 × 10−3 7.5 × 10−3 2.5 × 10−7 183.2 -0.01
R7D3-W 132.2 0.12 7 × 10−3 7.5 × 10−3 2.5 × 10−7 132.3 0.03
R7D4-W 133.0 0.13 11 × 10−3 7.5 × 10−3 3.4 × 10−7 132.9 0.05

R7-W 167.2 0.002 18 × 10−3 5.97 × 10−3 5.9 × 10−9 167.2 0.01

4.3 Comparison of NOM and SIP parame-

ters for sediment samples

Results obtained from the NOM and sediment sample analysis has been
presented in this section. The process of data preparation and methods
involved in it has been described in 3.2. Table 4 is showing the TOC and
Fe contents obtained from the laboratory analysis and Table 3 is showing
all the necessary SIP data used in this analysis.

Table 4: TOC and Fe contents of sediment samples obtained from laboratory analysis. TOC
is measured in (%) of Total Solids (TS) and Fe is measured in mg/kg

Sample TOC (% of TS) Fe (mg/kg)
M2-S 56 600
R10-S 2.7 5200

R7D1-S 53 12000
R7D2-S 59 1400
R7D3-S 58 2200
R7D4-S 18 7700

R7-S 5.3 3000
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4.3.1 TOC vs SIP parameters of Sediment Sample

The Total Organic Carbon (TOC) has been compared with various pa-
rameters derived from Spectral Induced Polarization (SIP) analysis. Re-
sistivity (ρ10), negative phase shift (−φ10), real part of conductivity (σ′),
and imaginary part of conductivity σ′′ are derived from raw data at a
frequency of 10 Hz. Simultaneously, resistivity (ρCC) and chargeability
(mDD) are extracted from the fitted data obtained through the Cole-Cole
and Debye Decomposition models, respectively.
Figure 8 is illustrating TOC vs different parameters of SIP analysis. The
results of all the parameters are relatively dispersed and it is really hard to
see any relationship. Most of the data is clustering especially the R7D1-S,
R7D2-S, R7D3-S and M2-S. Compared to other values, imaginary con-
ductivity is showing higher R2 value of 0.23, but it is not sufficient to
show a concrete relation. Therefore, a correlation between the fitted SIP
parameters and the TOC of Sediment could not be found.
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Figure 8: Different parameters of SIP analysis with respect to TOC for sediment sample. Here,
a) σ′ is real part of conductivity, b) σ′′ is imaginary part of conductivity, c) ρ10 is resistivity
at 10 Hz, d) φ10 is (-) phase shift at 10 Hz, e) ρcc is Cole-Cole resistivity, and f) mDD is
Debye-Decomposition chargeability vs TOC (% of Total Solids)

4.3.2 Fe vs SIP parameters of Sediment Sample

Like the comparison of TOC , Iron (Fe) is also showing a disperse data.
All compared parameters have very low R2 values and no relationship can
be seen either. Figure 9 is showing the plots against Fe and measured
sediment values.
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Figure 9: Different parameters of SIP analysis with respect to Fe for sediment sample. Here,
a) σ′ is real part of conductivity, b) σ′′ is imaginary part of conductivity, c) ρ10 is resistivity
at 10 Hz, d) φ10 is (-) phase shift at 10 Hz, e) ρcc is Cole-Cole resistivity, and f) mDD is
Debye-Decomposition chargeability vs Fe (mg/kg)

4.3.3 Porosity and SIP parameters of Sediment Sample

The porosity within the sample holder has been calculated by the men-
tioned methods in 3.2.2.4 and plotted against the SIP parameters for sed-
iment samples for sediment sample. No significant relationship can be
seen with porosity and measured SIP parameters, although chargeability
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is showing 0.5 as the coefficient of variation. Figure 10 is showing the
plotted data and trends with porosity. Table 5 is showing the calculated
porosity by Archie’s Law (Archie, 1942). It is important to mention that,
the porosity showing in Table 5 is a measurement inside the sample holder.
As the soil sample was fully saturated and consisted of peat, the porosity
values are high.

Table 5: Calculated Porosity from formation factor by Archie’s law

Sample
Formation

factor
Porosity

(%)

M2-S 1.25 89.44
R10-S 2.48 63.50

R7D1-S 2.18 67.78
R7D2-S 1.3 87.80
R7D3-S 1.16 92.67
R7D4-S 1.17 92.52

R7-S 1.24 89.97
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Figure 10: Different parameters of SIP analysis with respect to Porosity for sediment sample.
Here, a) σ′ is real part of conductivity, b) σ′′ is imaginary part of conductivity, c) ρ10 is
resistivity at 10 Hz, d) φ10 is (-) phase shift at 10 Hz, e) ρcc is Cole-Cole resistivity, and f)
mDD is Debye-Decomposition chargeability vs Porosity (%)

4.4 Comparison of NOM and SIP parame-

ters for water samples

In this section SIP parameters are compared with water sample includ-
ing TOC, Fe, pH, turbidity, dissolved oxygen, and color. Although it
is important to mention that, TOC and Fe values used in this section
for comparison are obtained from sediment samples and not from water
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samples. Since the top layer sediment has been used, it may have some
influences on the water too. The results for the selected water parameters
with respect to SIP measured data are stated below.

4.4.1 TOC vs SIP parameters of Water Sample

In Figure 11 the SIP parameter of water sample with respect to TOC
are shown. For water sample imaginary part of conductivity, and neg-
ative phase shift are nearly zero. Those values are not suitable to de-
velop correlation. Apart from those, other parameters, like resistivity and
chargeability, are not showing any significant correlation.
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Figure 11: Different parameters of SIP analysis with respect to TOC for water sample. Here,
a) σ′ is real part of conductivity, b) σ′′ is imaginary part of conductivity, c) ρ10 is resistivity
at 10 Hz, d) φ10 is (-) phase shift at 10 Hz, e) ρcc is Cole-Cole resistivity, and f) mDD is
Debye-Decomposition chargeability vs TOC (% of Total Solids)

4.4.2 Fe vs SIP parameters of Water Sample

Comparing the SIP parameters with Fe values shows weak correlation with
chargeability and resistivity about 0.29 and 0.3 in Figure 12. If this result
is compared with the sediment analysis from section 4.3.2 (Figure 9f) it
can be seen that, chargeability is showing different trends.
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Figure 12: Different parameters of SIP analysis with respect to Fe for water sample. Here,
a) σ′ is real part of conductivity, b) σ′′ is imaginary part of conductivity, c) ρ10 is resistivity
at 10 Hz, d) φ10 is (-) phase shift at 10 Hz, e) ρcc is Cole-Cole resistivity, and f) mDD is
Debye-Decomposition chargeability vs Fe (mg/kg)

4.4.3 Dissolved Oxygen vs SIP parameters of Water
Sample

SIP parameters have been compared with Dissolved oxygen (DO) data
from the field. The results obtained here is showed best fit with real part
of conductivity, imaginary part of conductivity, and chargeability. The
corresponding R2 values lies between 0.19-0.32 for real part of conductiv-
ity, imaginary conductivity and chargeability and no correlation can be
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seen with other parameters.

Figure 13: Different parameters of SIP analysis with respect to DO for water sample. Here,
a) σ′ is real part of conductivity, b) σ′′ is imaginary part of conductivity, c) ρ10 is resistivity
at 10 Hz, d) φ10 is (-) phase shift at 10 Hz, e) ρcc is Cole-Cole resistivity, and f) mDD is
Debye-Decomposition chargeability vs DO (mg/L)

4.4.4 Turbidity vs SIP parameters of Water Sample

The measured turbidity of the water sample does not show any significant
correlation with the SIP data. As shown in Figure 14, the data are actually
dispersed. Only chargeability shows a relatively higher R2 value of 0.39.
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Figure 14: Different parameters of SIP analysis with respect to Turbidity for water sample.
Here, a) σ′ is real part of conductivity, b) σ′′ is imaginary part of conductivity, c) ρ10 is
resistivity at 10 Hz, d) φ10 is (-) phase shift at 10 Hz, e) ρcc is Cole-Cole resistivity, and f)
mDD is Debye-Decomposition chargeability vs Turbidity (FNU)

4.4.5 Water Color vs SIP parameters of Water Sam-
ple

In Figure 15 the water color is plotted against different SIP parameters.
For imaginary conductivity a slight downward trend can be observed with
coefficient of correlation values about 0.39. For other SIP parameters no
correlation could be observed.

32



Figure 15: Different parameters of SIP analysis with respect to water color for water sample.
Here, a) σ′ is real part of conductivity, b) σ′′ is imaginary part of conductivity, c) ρ10 is
resistivity at 10 Hz, d) φ10 is (-) phase shift at 10 Hz, e) ρcc is Cole-Cole resistivity, and f)
mDD is Debye-Decomposition chargeability vs water color measured in ABS 254 (1/m)

4.4.6 pH vs SIP parameters of Water Sample

The pH of the water is plotted against the SIP parameter in Figure 16.
R2 values of 0.53 and 0.45 can be seen for imaginary conductivity and
chargeability. However, no correlation can be seen with other SIP param-
eters.
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Figure 16: Different parameters of SIP analysis with respect to pH os water sample. Here,
a) σ′ is real part of conductivity, b) σ′′ is imaginary part of conductivity, c) ρ10 is resistivity
at 10 Hz, d) φ10 is (-) phase shift at 10 Hz, e) ρcc is Cole-Cole resistivity, and f) mDD is
Debye-Decomposition chargeability vs pH
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5. Discussion

5.1 Spectral properties of SIP and correla-

tion for sediment and water samples

In this study 7 sediment samples and 7 water samples were collected and
measured with SIP analysis and laboratory analysis. Water samples typ-
ically have high conductivity compared to other materials such as sedi-
ments (US EPA, 2012). Therefore, in Figure 4, all sediment samples show
higher resistivity than water. This result is also inline with previous stud-
ies by Rahman et al. (2014) and Lagabrielle (1983). Sediment resistivity
should be higher than water, as the solid particle creates a barrier for
the current to flow. However, sediment sample M2-S has shown low sed-
iment resistivity which is unexpected. The presence of moisture or water
can significantly reduce the resistive behavior of soil samples (Pozdnyakov
et al., 2006). As the sediment samples were fully saturated, it decreased
the resistivity of the sediment significantly. Change in resistivity between
samples could also be caused by the sediments’ soil type and are therefore
location-dependent. The underlying soil of location R7 is glacial deposits,
and R10, R7-Ditches (R7-D1, R7-D2, R7-D3, R7-D4) are mainly peat-
land according to (Geological Survey of Sweden, 2024). In Figure 6a, it is
evident that R7-S and R7D2-S has a higher value of resistivity, whereas
R7D1-S, R7D3-S, R7D4-S, R10-S and M2-S are subjected to low resistiv-
ity.

When looking at Figure 6b, it can be seen that the sediment samples
exhibit a peak in their phase shift around 30-40 Hz. This effect is most
pronounced for the R7-Ditches sample. In contrast, the water sample in
Figure 7b shows a negligible phase shift. This suggests that the sediment
samples are more susceptible to electrical polarization compared to the
water sample.

Sediment samples in Figure 8 have shown some slight correlation between
TOC and imaginary conductivity. This increasing trend has also been
confirmed before with a controlled experiment by Strobel et al. (2023). In
their study, experiments on both real field samples and artificial mixtures
of peat and sand has been conducted. They found a direct relationship
between TOC content and the imaginary part of conductivity with a R2

value of 0.95. They also noted that an increase in TOC content leads
to a corresponding increase in the imaginary part of conductivity. Iron
(Fe) in Figure 9 has also followed the same positive trends with imaginary
conductivity for sediment sample. In contrast, chargeability is showing
a negative trend with increasing iron content although both correlations
are very weak. Chargeability of a material is mainly dependent on the
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types of minerals present, grain size distribution, and mobility of ions in
the pore fluid (Jones, 2018). Therefore the results for Fe and TOC are
influenced by other factors as well. Presence of Fe mineral in sediment can
decrease the resistivity, as shown in Figure 9e, which is caused by increase
in metalic particles, that lead to high electronic conductivity.

When a material is subjected to polarization, its pore space narrows due
to the formation of stern and diffuse layers (Bücker et al., 2019). In that
case, the charges cannot travel easily. Therefore, a smaller pore space
leads to a larger accumulation of charges, which in turn results in higher
chargeability. This phenomenon can not be depicted in Figure 10f, which
shows a linear upward trend with porosity and chargeability, which is not
expected.

The correlation plot between TOC and SIP measurements of water sam-
ples in Figure 11 did not show any significant relationship due to the
fact that, the TOC measurements are actually from the sediment sample.
For water sample the imaginary part of conductivity and negative phase
shift is nearly zero, and correlation found in Figure 11 are also very weak.
Same goes for Fe and SIP measurements of water samples in Figure 12.
No significant relation can be seen for TOC and Fe of water samples. DO,
turbidity, pH, and color showed some relationship with SIP signals, with
both positive and negative trends. When assessing DO and SIP data,
it can be seen in Figure 13b,e,f that imaginary conductivity, resistivity,
and chargeability have downward trend. DO is responsible for oxidation
and reduction potential in water along with aerobic respiration (Boyd,
2000) and it is also temperature dependent (US EPA, 2024; Walczyńska
& Sobczyk, 2017). Hence, increase in DO will result in increase in resistiv-
ity, which is different than the result obtained from Figure 13e. Therefore
the trends seen in all the above mentioned figures are very uncertain due to
the limitations of data points and no correlation could be seen here as well.

Results from the turbidity of water (Figure 14) and SIP signals show
a weak relation with imaginary conductivity. This phenomenon could be
described as the presence of colloidal particles in water. The colloidal par-
ticles in water could potentially make the water more conductive, hence
increasing conductivity with increased turbidity in the water. Colloidal
particles can also hold charges in water which could potentially increase
the chargeability with turbidity.

During sample collection, the water at location M2 was optically browner
than other locations. It can be seen from Figure 6a that M2-S is showing
less resistivity. Water with a high brown color is dependent on several
long-term and short-term factors, as shown by Klante et al. (2021), but it
is also due to the leaching of humic substances present in forest streams
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(Löfgren et al., 2003), that can results in decrease of resistivity. In Figure
15e the resistivity of water sample is also decreasing with increasing water
color. However, this trend can not be confirmed, as the data is uncertain.
Therefore, water color with respect to the SIP signal cannot provide any
direct information (Figure 15) and it can not be directly determined from
SIP signals alone. This statement is also valid for water pH, which follows
the same pattern as shown in Figure 16. Accordingly, no correlation can
be observed here as well.

5.2 Uncertainty in Data Measurements

Although some weak correlations can be seen between NOM in sediment
and SIP signals, they are uncertain. The reason for this uncertainty stems
from the variation in sampling locations and the use of only the top sed-
iment for sample preparation. Uncontrolled sample condition could also
be an issue, as the sample didn’t go through any kind of filtering. Sample
used in this research are too heterogeneous for location dependency and
number of samples are too small to find a good statistical relationship. So,
comparatively large data points need to be included in further analysis,
which eventually can give an understanding of SIP behavior. However, it
is not certain that a large sample size can establish a relationship between
NOM in sediment and SIP. Further research is needed to reach a definitive
conclusion.
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6. Conclusion

This study has focused on analyzing the spectral induced polarization
(SIP) of sediment and water samples to identify connections between the
concentration of natural organic matter (NOM) and SIP signals. After
conducting a thorough investigation, it is found that no correlation be-
tween NOM in sediment and SIP signal exists, considering the uncertain-
ties in this research.

Upon analyzing the general qualities, it is observed that water and sed-
iment samples exhibited different behaviors. Water consistently showed
small phase changes, whereas sediment has higher resistivity. These obser-
vations are consistent with previous studies, which strengthens the credi-
bility of the findings. In addition, the analysis of the relationship between
NOM and SIP measured data of sediment samples revealed no signifi-
cant patterns except a very weak relation between TOC and imaginary
conductivity. Nevertheless, there are uncertainties caused by fluctuations
in the sampling process. When examining the connection between NOM
with SIP measured data of water sample, no direct correlation can be
found. Although turbidity shows limited correlations with SIP signals,
dissolved oxygen (DO) exhibited contradictory patterns, highlighting the
complex nature of water chemistry. Efforts to establish a correlation be-
tween NOM in sediment and SIP measurements have been unsuccessful
in finding definitive relationships. This is mostly because of the heteroge-
neous samples and variations in sample size.

In the future, a more comprehensive approach can be achieved by incor-
porating additional data points into the study and integrating them with
other geophysical testing methods. This combined approach would pro-
vide a more robust verification of the results. Additionally, investigating
the relationship between a wider range of chemical parameters and the
SIP parameters would be beneficial. Finally, conducting the study with
controlled samples would allow for a more precise identification of any
discrepancies or limitations in the current methodology.

In summary, this study shows preliminary results from field sample using
spectral induced polarization signals as indicators for specific sediment
characteristics. However, it also highlights the need for further research
to address existing limitations and refine understanding. Future research
should focus on increasing the number of data points, ensuring proper con-
trol of sample conditions, and utilizing advanced analytical tools to better
understand the complex details of NOM-SIP connections. Moreover, this
could potentially lead to a better understanding of the brownification pro-
cess with necessary monitoring and evaluation.
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Appendix A

Photos from field and laboratory

Figure 17: Sampler used for collecting sediment sample. Figure a) is showing Kajak Sediment
Sampler and Figure b) is showing Ekman-Birge Sediment Sampler

Figure 18: Sample collection process of sediment from R7-D1 ditch. First and second picture
is showing sample collection process and third picture is showing collected sediment column.
The sampler using in this figure is Kajak Sediment Sampler.
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Appendix B

Data inversion plot

Figure 19: Results obtained from the pyGIMLi pacakage for sediment sample of M2 location.
From top to bottom the first graph is showing fitted resistivity curve with measured SIP data,
the second graph is showing fitted negative phase curve with measured SIP data. The third
graph is showing chargeability vs relaxation time data for the fitted result. Here, CC means
Cole-Cole model and DD means Debye Decomposition model.
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Figure 20: Results obtained from the pyGIMLi pacakage for sediment sample of M2 location.
From top to bottom the first graph is showing fitted resistivity curve with measured SIP data,
the second graph is showing fitted negative phase curve with measured SIP data. The third
graph is showing chargeability vs relaxation time data for the fitted result. Here, CC means
Cole-Cole model and DD means Debye Decomposition model.
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Appendix C

Block Diagram

Figure 21: Block diagram of the Portable SIP unit used for the analysis. The figure is obtained
from Ontash & Ermac (n.d.)
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