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Abstract: Graphite, a critical raw material, prompts interest in assessing former quarries for vol-
umetric content, driving the need for accurate prospection techniques. We explore the efficacy of
spectral induced polarization (SIP) imaging at field scale for this purpose. Field measurements in
a quarry with unknown graphite content underscore the need for assessment before drilling due
to abrupt topography. Due to the lack of ground truth required to calibrate existing petrophysical
models, we propose using SIP laboratory measurements to achieve the quantitative interpretation
of the imaging results. We conducted experiments at two scales: rock plugs for material response
and ground rocks of varying sizes for textural analysis. The rock plugs allow us to investigate
the response of the material, while the ground samples permit us to understand changes in the
SIP response for varying textural properties. Our lab work establishes power-law relationships
between polarization (expressed in terms of normalized chargeability) and graphite content, as well
as relaxation time and grain size. Salinity dependence is noted between chargeability, normalized
chargeability, and relaxation time. Utilizing these findings, we provide a quantitative interpretation
of field SIP imaging results.

Keywords: graphite content; geophysical imaging methods; electrical conductivity; spectral induced
polarization; Cole-Cole parameters

1. Introduction

Graphite is an essential mineral used in batteries, brake linings, or lubricants and
graphite tailing can be used as a cement to produce concrete. Additionally, graphite can be
used to increase the frost resistance in building materials [1] and to decrease the electrical
resistivity in concrete for deicing or snow melting. The importance of graphite demands
the prospection of new ores and the evaluation of former quarries. Jara et al. provide
insight into the current graphite market and its increasing trend [2], while Rui et al. offer
insights into resource utilization, environmental aspects, and sustainability [3]. Geophysical
methods are a suitable and relatively cost-efficient alternative for exploration as they do not
require drilling or analysis of samples. The electrical and electromagnetic (EM) geophysical
techniques aim at quantifying changes in the electrical properties of the subsurface; thus
are well suited to characterize graphite deposits, considering that graphite is related to
high electrical conductivity [4]. However, as described in a recent study by Aigner et al.,
in the case of graphite, EM data can be strongly affected by induced polarization (IP)
effects, which dominate the electrical conductivity [5]. Electrical and electromagnetic
measurements have revealed much lower conductivity and IP response for measurements
conducted in other environments with organic carbon such as coal [6], peatlands [7], or
municipal solid waste [8]. Thus, the induced polarization method is the most attractive
technique for characterizing graphite ores. The so-called spectral-induced polarization
(SIP) method has a long history of being used in metallic ore exploration [9,10]. In the
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case of graphite, high electrical conductivity and polarization have been observed in
laboratory measurements [11,12], with recent studies reporting changes in the frequency-
dependence of the electrical properties for varying grain size, chemical parameters and
anisotropy [13–15]. However, field investigations are still rare [16,17]. Different aspects
limit the application at the field scale of the SIP method. On the one hand, measurements in
electrical conductors (such as graphite) are related to low voltages; thus, low signal-to-noise
ratio (S/N). On the other hand, electrical conductors enhance parasitic electromagnetic
(EM) fields, commonly referred to as EM coupling, which are also a source of systematic
errors in SIP readings [18,19]. EM inductive coupling linearly increases with subsurface
conductivity and measurement frequency and contaminates the SIP surveys commonly
above 10 Hz [20–23]. Flores Orozco et al. revealed that EM coupling can already affect
SIP measurements at 1 Hz in conductive media due to cross-talking in multicore cables
commonly used in geophysical prospection [24].

In the presence of electrical conductors such as graphite, the electrical conduction is
dominated by the current flowing across the conductive mineral (electronic conduction).
The strong polarization response originates from the so-called electrode polarization [25],
which accounts for the polarization of the free charges within conductors and for the
electrical double layer (EDL) formed at the fluid-mineral interface [20,26–28]. It has been
observed that the frequency-dependence of the polarization response is correlated to
the size, volume, and texture of the metallic minerals [20,27,28]. Slater et al. showed a
power-law relationship between the polarization magnitude and pore volume, comparable
in non-metallic and metallic soils [29]. Revil et al. have presented a new mechanistic
model considering intragrain polarization in conductive particles [26,30–33]. Such a model
assumes that the Stern layer polarization dominates the main response and that the particle
behaves dielectric once the polarization is fully established. Alternatively, Wong and Bücker
et al. consider the electrical conductor as a leaking capacitor due to the interchange of
ions between the mineral and fluid [25,27,28]. Thus, the polarization of charges within the
conductive material never results in the form of a dielectric, but in an overall decrease in
the amplitude of the polarization response and a shift of the polarization peak towards
lower frequencies [25,27,28].

At the field scale, Börner et al. investigated the SIP response of graphitic black schists
of a Himalayan shear zone (in Nepal) [17]. They observed a high polarization response
(around 1 Hz parallel to the foliation) and concluded that the black schist is characterized
by high anisotropy. Abdulsamad et al. proposed a linear model to estimate the volume
fraction of graphite, applying the model proposed by Revil et al. and found that the
conductivity of the background material controls the conductivity of the material, and the
chargeability depends linearly on the volumetric graphite content [16,26,31]. Nonetheless,
Wu and Peruzzo found that besides the volumetric concentration of the graphite, the fluid
chemistry (pore fluid salinity and pH) also controls the polarization response [15].

In this study, we aim to evaluate the applicability of the SIP method to quantify
the remaining graphite content in the mining tailings of a former graphite quarry. The
graphite deposit has been reported from geological observations between two faults, as
depicted in Figure 1a, and the graphite-rich formation is expected to continue under the
subsurface towards the South-West direction. However, no drilling is available to justify
such a hypothesis. Hence, we propose an alternative methodology for the application
(i.e., calibration) of existing petrophysical models towards the quantitative interpretation
of SIP imaging results. We compared SIP signatures obtained in the field and laboratory
to develop a semi-empirical model linking the graphite content with the amplitude of the
polarization effect. Here, laboratory measurements are conducted in rock plugs (to avoid
changes in the geometry of the pore scale), followed by measurements in ground samples,
where we evaluate the frequency dependence of IP readings by changing the texture of the
material. Chemical analysis of the ground samples was conducted to obtain the graphite
content. Hence, our objective is to interpret the SIP imaging results regarding graphite
content and its textural properties.



Appl. Sci. 2024, 14, 3955 3 of 22

Appl. Sci. 2024, 14, x FOR PEER REVIEW 3 of 24 
 

terial. Chemical analysis of the ground samples was conducted to obtain the graphite con-
tent. Hence, our objective is to interpret the SIP imaging results regarding graphite content 
and its textural properties. 

 
Figure 1. (a) Location and geological settings of the measured spectral induced polarization (SIP) 
lines and measurements conducted with the Portable SIP Unit (PSIP) near Zettlitz, Lower Austria. Figure 1. (a) Location and geological settings of the measured spectral induced polarization (SIP) lines

and measurements conducted with the Portable SIP Unit (PSIP) near Zettlitz, Lower Austria. The
GeoSphere Austria provided the geological information. (b) Core plugs, extracted from 4 different
rocks collected at the site. The plug 4l (long) and 4s (short) were drilled from the same rock we
have ground to receive the graphite sediments for further laboratory measurements and analysis.
The cr denotes that the core was drilled perpendicular to the corresponding numbered paired core
(e.g., 1 and 1cr).

2. Materials and Methods
2.1. Site Description

The study area is located close to Zettlitz in Lower Austria, where a graphite quarry
was active between 1855 and 1966. The deposit comprises graphite schist, surrounded
by gneiss and calcite, as presented in Figure 1a. The graphite is present as inclusions
generally occurring in the immediate vicinity or directly between layers of marble and
paragneiss. Graphite schists form lenses and bands centimeters to meters thick, while the
graphite gneiss forms zones up to tens of meters thick within the paragneiss [34]. The
graphite is either evenly distributed or enriched on the foliation surfaces. The structure of
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the graphite bodies is tectonically heavily overprinted, so the graphite is mostly tectonically
rolled out into lens-shaped bodies, which form very irregular deposit bodies. Locally, the
graphite bodies can reach a significant thickness (a few centimeters) but often wedge out
unexpectedly, making alignment of the deposit during mining quite difficult. In addition to
the deposits used for mining in this area, many smaller, economically insignificant graphite
lenses can be mapped very quickly, even in unexplored areas, due to the characteristic
blackish soil color [35].

2.2. The Spectral Induced Polarization Method

The induced polarization (IP) imaging method, also known as complex resistivity (or
by its inverse the complex conductivity, CC) imaging, or electrical impedance tomography,
is an extension of the electrical resistivity tomography (ERT) method. It is based on four-
electrode measurements, where two electrodes are used to inject current (current dipole),
and another pair of electrodes is used to measure the resulting voltage (potential dipole).
Modern devices can simultaneously measure tens of potential dipoles for a given current
dipole, permitting data collection with high spatial resolution and reduced acquisition
times [36]. IP data can be collected in the time domain (TDIP) or the frequency domain
(FD). Most commercial instruments work in TDIP, using direct current, with measurements
of the transfer resistance during the current injection. At the same time, the integral charge-
ability is computed from voltage measurements collected after shutting off the current to
record the decay of the secondary voltage [22]. In FDIP, an alternating current is injected
into the ground to measure the resulting electrical impedance in terms of its magnitude
(i.e., transfer resistances) and the phase shift between the periodic voltage and current
signals. FDIP measurements can be conducted at different frequencies using the so-called
spectral IP (SIP) method to gain information about the frequency dependence of the electri-
cal properties. Recent studies have proposed using TDIP measurements to record the full
waveform to gain information about the frequency dependence [37,38]. Nevertheless, we
will only investigate SIP signatures collected from FDIP in this study. Further details of the
IP method can be found in the books by Binley and Slater or Sumner, as well as the studies
by Ward and Binley and Kemna [22,39–41].

IP imaging measurements (TDIP or FDIP) can be inverted to solve the spatial (i.e.,
lateral and vertical) changes of the complex resistivity in the subsurface. The complex con-
ductivity (σ*)—or its inverse, the complex resistivity (ρ, with σ* = 1/ ρ)—can be expressed
in terms of its real (or in-phase, σ′) and imaginary (or quadrature, σ′′) components, or by
its magnitude (|σ|) and phase (φ), such as

σ∗ = σ′ + iσ′′ = |σ|eiφ (1)

where i =
√
−1. The real part of the complex conductivity (σ′) is related to the ohmic

conduction, while the imaginary part (σ′′), is related to the polarization.
We use the Cole-Cole type model as proposed by Pelton et al. to describe the frequency

dependence of the complex resistivity in SIP measurements. The Pelton model (PM) can be
expressed in terms of the electrical resistivity by [20]:

ρ∗ = ρ0

[
1 − M

(
1 − 1

1 + (iωτ)c

)]
(2)

where M is the chargeability (describing the amplitude of the polarization), ρ0 the low-
frequency limit of the resistivity, c is the dispersion coefficient and τ = 1

2π f c

1

(1−M)
1
c

is the

relaxation time, with fc being the characteristic frequency at which the maximum of the
imaginary part of the complex resistivity is observed. The ratio of the chargeability and the
ρ0 gives the normalized chargeability:

Mn =
M
ρ0

(3)
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We obtained the fit of the PM to our measured spectra (field and laboratory data) using
routines developed by Maximilian Weigand, which are part of the Python geophysical
imaging and modeling library pyGIMLi [42].

2.3. SIP Data Collection at the Field Scale

We collected SIP data along seven lines using different measurement setups from
which we present three representative lines (P1, P2 and P7 in Table 1). Line P1 has an
orientation NE-SW, and it is located outside the graphite quarry along a forest road (see
Figure 1a), where the graphite is not observed at the surface but is expected to be located in
the subsurface. Lines P2 (with an orientation NE-SW also) and P7 (perpendicular to P2)
are located at the quarry where graphite content is observed at the surface (see Figure 1a)
but its extension at depth is unknown. The topographical features of the quarry and the
dense vegetation of the study site influenced the orientation of the IP lines. Profile P1
and P7 measurements were collected with 64 electrodes and a spacing of 5 m and 2 m
between them, respectively, whereas measurements in P2 were collected with 32 electrodes
with a separation of 10 m between them. To increase the resolution of our investigation, a
second measurement, which we refer to as P2b, was conducted at P2 with 64 electrodes
and 2 m electrode separation (with both profiles P2 and P2b centered on the same point).
All electrodes are made of stainless steel and have a diameter of 10 mm. We used the
DAS-1 (from Multi-Phase Technologies, LLC) to collect FDIP data. SIP measurements were
collected in the frequency range between 0.1 Hz and 225 Hz in all profiles. However, data
collected above 25 Hz revealed noisy pseudosections and were excluded from the analysis.
We used a dipole-dipole configuration [43] using the eight measuring channels available in
the DAS-1. Thus, voltage measurements are collected in eight adjacent potential dipoles for
each current dipole, always ahead of the current dipole to avoid contamination of the data
caused by remnant polarization of the electrodes. For the 10 m and 2 m electrode separation
profiles, we used coaxial cables to connect the electrodes and the measuring device to
minimize distortion of the data associated with cross-talking between the cables [18,19,44],
with the shield of the coaxial cable running together into a ground electrode (as presented
in Flores Orozco et al. [24]).

Table 1. Measurement setup in terms of the name of the profile (ID), frequency range of the spec-
tral induced polarization (SIP) measurements, profile length and electrode spacing in meters, and
electrode configuration (DD—dipole-dipole).

ID SIP (Hz) Profile Length Electrode Spacing Configuration Direction

P1 1–225 315 m 5 m DD NW-SE
P2 0.1–225 310 m 10 m DD NW-SE

P2b 0.1–225 126 m 2 m DD NW-SE
P7 0.1–225 124 m 2 m DD NE-SW

Z1, Z3, Z5 0.1–10,000 1.5 m 0.5 m Wenner -

To obtain a broader frequency spectrum and enhance the spectral resolution, in-situ IP
spectra were collected with a 4-electrode array at three selected points, referred to as Z1, Z3
and Z5 (Figure 1a), using the PSIP unit (from Ontash & Ermac, NJ, USA). This electrical
impedance spectrometer is commonly used for laboratory investigations [39]. Those in-situ
spectra were collected with a single quadrupole using stainless steel electrodes with a
separation of 50 cm in a Wenner configuration. We collected data at 58 frequencies between
0.1 Hz and 20,000 Hz, with a distribution of eleven measurements per decade.

In the case of the imaging dataset, we filtered the raw data independently for each
frequency (0.1–25 Hz) by removing readings that diverge significantly from the expected
smooth change in the pseudosections. After the first filtering, we removed quadrupoles not
found in all frequencies, as required to resolve for inversion results with relatively the same
frequency in the 0.1 Hz and 25 Hz range. For the inversion of the filtered datasets, we used
the smoothness-constrained least-squares algorithm CRTomo by Kemna [45], which allows
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the data to be fitted to a level of confidence specified by an error model. The error model
was empirically defined from different inversion results to obtain an error-weighted RMS
equal to 1. The inversion was done independently for data sets collected at each frequency.

2.4. SIP Measurements and Chemical Analysis of Samples in the Laboratory

Laboratory measurements allow us to investigate the frequency dependence of the
graphite-rich rocks, minimizing electromagnetic sources of noise, which cannot be avoided
in field SIP imaging data. Rock samples were taken for laboratory measurements from
the site near the PSIP measurements and the DAS-1 line P2b (see Figure 1). After the
SIP measurements, X-ray fluorescence spectroscopy and LECO analysis were conducted
on four rock samples to obtain the chemical composition (see Table 2). The Epsilon 5
X-ray fluorescence analyzer from analytical measured the elemental contents. The method
measures the concentration of main oxide elements in %. The silicon content varies within
the samples between 35.0% and 37.0%, and the concentration of aluminum oxide between
8.9% and 11.5%. Sample Size d4 contains higher readings of FeO (2.1%) and S (1.1%),
indicating a higher pyrite content possibility. The other measured parameters show slight
variations. The carbon content of the samples varies between 44.2% and 47.7%. These
concentrations were determined using the carbon measurement of the LECO C/S 200
(Inductive combustion of the sample and measurement of the CO2 concentration within an
IR measuring cell).

Table 2. Laboratory analysis (X-ray fluorescence spectroscopy and LECO analysis) of four graphite
sediments collected at the site. The grain sizes of the analyzed samples (d) are given for comparison.

Elements d = 1–2 mm (%) d > 10 mm (%) d < 0.45 mm and
d = 0.45–1 mm (%)

d = 0.45–1 mm and
d > 10 mm (%)

SiO2 35.0 37.0 36.0 36.0
TiO2 0.6 0.5 0.6 0.5

Al2O3 9.4 8.9 11.5 9.9
FeO 1.0 2.1 0.9 1.5
MnO 0.01 <0.01 0.01 0.01
MgO <1 <1 <1 <1
CaO <1 <1 <1 <1

Na2O 0.9 0.7 0.9 1.0
K2O 3.8 4.2 3.7 4.1
P2O5 <0.5 <0.5 <0.5 <0.5

S 0.5 1.1 0.6 0.8
H2O110 ◦C 0.3 0.3 0.3 0.2

H2O+ <0.1 <0.1 <0.1 <0.1
C 47.7 44.2 45.1 45.4

Summe 99.2 99.0 99.5 99.3

SIP laboratory measurements were conducted on two scales: rock plugs and ground
material. For all laboratory measurements, the PSIP instrument was used to collect 61 fre-
quencies in the range between 0.01 and 10,000 Hz using ten measurements per decade.

SIP measurements in rock plugs were used to investigate the intrinsic SIP response
of the rocks (i.e., without grinding). To this end, we extracted seven core plugs from the
rock samples mentioned above, with the plugs drilled in different directions to investigate
possible anisotropy (Figure 1b). Plugs 1, 1cr, 3 and 3cr were drilled from the same rocks
(cr denotes a plug extracted at the same position but perpendicularly), while for a fourth
sample, plugs were extracted only in one direction but with different lengths (4l and 4s).
The core plugs have a radius of 19 mm and lengths between 40 and 62 mm (Table 3). SIP
measurements in the rock plugs were conducted in a sample holder similar to the one used
by Bairlein et al. [46], with a length of 250 mm and a radius of 19.5 mm. Non-polarizing
voltage electrodes are located in the middle of the sample holder at a distance of 50 mm
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from the plate electrodes used for the current injection, which are made of stainless steel
found at both ends of the column.

Table 3. Cole-Cole parameter of the core plugs in terms of chargeability (M), normalized chargeability
(Mn) and relaxation time, the length and volume of the plugs, and the percentage of volume covered
by a plug within the measurement cell.

id M Mn τ (s) L (cm) V (cm3) Vc (%)

plug1 0.96 0.0063 12.47 6.00 68.05 22.79
plug1cr 0.99 0.0380 14.80 6.00 68.05 22.79
plug2 0.96 0.0642 8.75 6.00 68.05 22.79
plug3 0.91 0.0262 94.08 6.00 68.05 22.79

plug3cr 0.96 0.0317 19.17 6.20 70.32 23.55
plug4s 0.50 0.0036 5.56 4.00 45.36 15.19
plug4l 0.55 0.0105 7.04 5.00 56.71 18.99

To investigate the SIP response for varying textural properties, we ground the same
rock that was used to extract the plugs 4s and 4l. Grinding was conducted to different
degrees to obtain samples with four different grain sizes (d): fine (d < 0.45 mm) denoted
as d1, medium (d between 0.45 and 1 mm) denoted as d2, coarse (between 1 and 2 mm)
denoted as d3, and large (>10 mm) denoted as d4. SIP measurements in these samples
were conducted in a column with a length of 300 mm and a radius of 25 mm. Two plate
electrodes are located at each end of the column and are used to inject current, while two
non-polarizing Ag/AgCl electrodes (based on Inamdar et al. [47]) are located equidistant
in the column (100 mm separation) to collect the electrical voltage. The columns were
filled with ground graphite particles disseminated in quartz sand and fully saturated
with demineralized water. Besides the rock samples, we conducted SIP measurements
on commercial graphite powder with a maximum grain size of 0.075 mm provided by
Carl Roth GmbH. Such commercial samples were built with a graphite volume content
of 2% disseminated in silica sand. The commercial samples were fully saturated, and
measurements were collected at different steps after increasing the pore fluid salinity (in the
range between 0.005 and 0.25 S/m) by adding Natrium-chloride (NaCl) to demineralized
water. The idea was to have a well-controlled grain size and evaluate changes in the SIP
response by varying fluid conductivity to improve the interpretation of our field signatures.

3. Results and Discussion
3.1. The Identification of Graphite-Rich Areas from Field IP Imaging Results at 1 Hz

Figure 2 presents the complex conductivity imaging results for P1 (Figure 2a–d) and
P7 (Figure 2e–h) in terms of in-phase and quadrature conductivity. The two profiles show
different features, as measurements in P1 were conducted in the area with less graphite
content, and P7 is located in the middle of the graphite quarry. Along P1, both in-phase and
quadrature conductivity show the highest values in the first 100 m along profile direction;
whereas for P7 the highest values are observed within the first 70 m along profile distance.
Figure 2 reveals that the anomalies associated with high conductivity (σ′) and polarization
(σ′′) values are one order of magnitude higher at P7 than at P1, with maximum values
of σ′ > 200 mS/m, σ′′ > 20 mS/m in P7, and σ′ > 30 mS/m, σ′′ > 3 mS/m in P1. The
increase in both conductivity and polarization values observed in P7 is in agreement with
the geological setting, as we expect a higher graphite content in this area than in P1.

Figure 2 reveals shallow inversion results with highly conductive anomalies, whereas
deeper model parameters can be resolved in less conductive areas, due to the low signal-to-
noise ratio (S/N) observed in highly conductive graphite rocks. Measurements in those
areas are related to low voltage readings, i.e., low transfer resistances or impedance magni-
tudes. Such low voltage readings (<1 mV) are more susceptible to distortions due to noise
associated with the galvanic contact (between electrodes and ground) and changes in the
surface cover, thus resulting in low signal-to-noise ratios (S/N) observed in measurements
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in Zettlitz. We also note that even if the graphite provides a target with high polarization,
the signal strength is dominated by the electrical impedance amplitude, i.e., the voltage-
to-current ratio. Thus, high current densities injected and low voltage measurements lead
to light distortions in the data due to low values in the impedance amplitude, even if
the impedance phase readings are high. Besides the high conductivity of the subsurface,
increasing the separation between current and potential dipoles also decreases the voltage
measurements and the S/N; thus limiting the ability of surface measurements to reach
deep areas. Accordingly, we observe in Figure 2 that only shallow model parameters are
resolved along the first 80 m along P7 (maximum depth of investigation of ca. 2 m) at the
highly conductive (>100 mS/m) zone, whereas deeper model parameters are resolved in
less conductive zones between 80 m and 130 m distance. The filtering of readings with poor
S/N results in the removal of a larger number of “deep” readings within the first half of P7,
associated to large separations between the current and potential dipoles, This is observed
in the imaging results with poor sensitivity below ca. 2 m depth. Accordingly, we cannot
solve the highly conductive area related to the graphitic schist below the NE part of P7.
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Figure 2. Complex conductivity imaging results collected along profiles (a–d) P1 and (e–h) P7,
expressed as (a,e) in-phase conductivity and (b–d,f–h) quadrature conductivity. The position of the
electrodes is marked with solid black dots at the surface.

Figure 3 presents the complex conductivity imaging results for the long profile P2
(Figure 3a–d) and the short profile P2b (Figure 3e–h). While P2 permits a deep investigation
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and addresses lateral changes across a 330 m long profile, the profile P2b focuses on the
anomaly characterized by high conductivity and polarization, as indicated in Figure 3. P2
shows a stronger frequency dependence than P2b, likely due to the contrasts between high
and low σ′ and σ′′ values associated with the anomaly and areas outside it. Nevertheless,
the imaging results obtained for P2 and P2b show similar features and high conductivity
values, although the values in P2 are smaller than in P2b. The anomaly resolved be-
tween 80 m and 180 m along P2 is characterized by the highest σ* values (σ′ > 200 mS/m,
σ′′ > 20 mS/m) and corresponds to the materials with high graphite content. The small
electrode spacing in P2b permits a better definition of the lateral extent of the graphite-rich
area compared to the imaging results obtained for P2 (with larger electrode spacing). How-
ever, reducing the electrode spacing also reduces the S/N ratio in deep readings, and we
cannot conclusively define the thickness of the graphite-rich zone with measurements in
P2b, while the vertical contact can be resolved in P2 with a maximum thickness of ca. 20 m
for the graphite-rich area.
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conducted with the PSIP device.
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3.2. The Frequency-Dependence in SIP Measurements Conducted In-Situ and in the Lab

Figure 4 shows the complex conductivity spectra measured in the field and rock
samples measured with the PSIP unit. The in-situ measurements reveal differences in the
σ* values measured between the graphite-rich area (indicated by the readings Z3 and Z5 in
Figure 4a,b) and the area dominated by gneiss (indicated by the reading Z1 in Figure 4a,b).
Although the values are different, the spectra are relatively similar. The difference in the
values measured between the gneiss (Z1) and the graphite-rich area is practically two orders
of magnitude (for both the conductivity and the polarization) and it is due to the high
conductivity and polarization in good electrical conductors [25,27,28]. The measurements
reveal a slight increase in the polarization values with increasing frequency. However,
the lack of a dominant peak in the spectral response indicates well sorted materials, with
no dominant grain size [20,23,27–30,48]. Moreover, the similar spectra resolved in the
three locations indicate that, close to the surface, the materials are similarly well-sorted,
independent of the graphite content.
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Figure 4. Measurements conducted (a,b) with the PSIP at the site, (c,d) laboratory complex conduc-
tivity spectra of the drilled core samples, (e–h) sediments collected at the quarry and (i–j) commercial
graphite sediments in terms of (a,c,e,g,i) in-phase conductivity and (b,d,f,h,j) quadrature conductivity.
The solid lines represent the Cole-Cole fit of the data. For visibility, the panels (e–j) range differs from
the panels (a–d).
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Laboratory measurements minimize the sources of data error and are not affected
by modeling and inversion uncertainties affecting imaging field data. Hence, they allow
us to understand the intrinsic properties of the material and support our interpretation.
Figure 4c,d presents the spectra of the plugs, which represent the undisturbed samples. All
spectra in the plugs reveal a clear frequency dependence, with a peak in the quadrature
conductivity spectra at the low frequencies (<10 Hz). Although the spectra are similar,
the polarization values differ for all spectra, with maximum values (i.e., at the critical
frequencies) varying in the range between 1 mS/m and 1000 mS/m (Figure 4c,d). While
plugs 1 and 2 reveal the highest polarization values (>500 mS/m), plug 4 reveals the
lowest. The changes of the polarization response are related to the content of the electrical
conductor, independent on the size of the sample, considering that plug 2 is larger than
plug 4 (see Table 3). The spectra in Figure 4c,d reveal the significant heterogeneity in the
polarization response of the study area. Moreover, it shows that in-situ spectra may provide
only a limited insight into the subsurface properties, as they are limited in the depth and
volume of investigation. In-situ spectra with large electrode spacing resulted only in noisy
readings, as described for the imaging data sets, due to low voltages and high EM coupling
in the data.

We extracted plugs with perpendicular directions (plug 1, 1cr, 3, and 3cr) from the
same rocks to investigate anisotropy. Figure 4c,d shows that plugs 1 and 1cr do not
exhibit significant anisotropy, as the measurements reveal consistent values and spectra.
However, measurements of plugs 3 and 3cr demonstrate high differences in the critical
frequency and its associated polarization values (100 mS/m and 300 mS/m for plugs 3 and
3cr, respectively), indicating that anisotropic effects in the electrical properties can not be
neglected in the materials in the area where the rock was taken.

Figure 4 shows similar spectra for the measurements in plugs 1, 1cr, 2 and 3cr; thus
suggesting consistent textural properties for the samples, which is not the case for the plugs
3, 4l and 4s. Direct measurements of pore-space geometry are possible [49]; however, it is
associated with extra costs and efforts, especially when investigating a large number of
samples. Hence, we propose a different approach to understanding the textural properties
of the materials in our study area. We decided to destroy some rocks that were used
to extract the plugs 4l and 4s to create samples with a controlled grain size. Ground
samples then allow us to investigate the frequency dependence of the SIP measurements
by changing the grain size of the ground samples. The spectra of the measurements in
the ground samples with a well-defined grain size are presented in Figure 4e,f, while
Figure 4g,h presents the spectra measured by the mixtures of samples with different grain
sizes. In Figure 4e,f, we also include the spectra measured in plug 4s, which were drilled
from the same rock where the grains were extracted. Although the weight of the plug 4s is
102 g, we observe similar polarization values (σ′′) for the measurements in the plug and
those in the samples with grain sizes d1, d2 and d4, associated with a 3.75% volumetric
content of the sample corresponding to 50 g. In contrast, the σ′′ values are three times lower
(in the range of 3–4 mS/m) than those observed for measurements with the biggest grain
size, d4 (σ′′ ~12 mS/m), which are associated with larger sample volumetric content (7.5%
corresponding to 100 g). Regarding the frequency-dependence, plots in Figure 4e–j show
a shift in the quadrature conductivity peak to higher frequencies with decreasing grain
size, as observed in other measurements performed in electronic semiconductors [20,29,50].
Moreover, the amplitude of the quadrature conductivity increases with the increasing
graphite content, in agreement with mechanistic models [25–28,31]. Accordingly, we also
observe increased characteristic relaxation time with increasing graphite grain size (Table 4)
from the fitted Cole-Cole model for the different measurements.
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Table 4. Cole-Cole parameter of the collected sediments in terms of chargeability (M), normalized
chargeability (Mn) and relaxation time (τ), the volumetric graphite content (∅) in the sand-graphite
mixture and the mean grain diameter (d) of the graphite sediments.

Grain ID M Mn (mS/m) τ (s) ∅ (%) d (mm)

d1 0.35 0.0093 1.3 × 10−4 1.88 0.45
d1 0.47 0.0094 1.61 × 10−4 1.88 0.45
d1 0.71 0.0196 8.15 × 10−5 3.76 0.45
d1 0.71 0.0204 8.39 × 10−5 3.76 0.45
d1 0.85 0.0368 2.97 × 10−5 5.63 0.45
d1 0.85 0.0329 3.87 × 10−5 5.63 0.45
d1 0.88 0.1587 1.30 × 10−5 7.51 0.45
d1 0.86 0.2773 6.66 × 10−6 7.51 0.45
d1 0.88 0.9125 2.24 × 10−6 15.02 0.45
d1 0.96 2.5545 7.09 × 10−8 15.02 0.45

d2 0.26 0.0042 4.531 × 10−3 1.88 0.725
d2 0.38 0.0038 5.867 × 10−3 1.88 0.725
d2 0.59 0.0154 1.806 × 10−3 3.76 0.725
d2 0.59 0.0166 1.821 × 10−3 3.76 0.725
d2 0.77 0.0504 1.017 × 10−3 5.63 0.725
d2 0.76 0.0592 8.24 × 10−4 5.63 0.725
d2 0.82 0.1034 4.89 × 10−4 7.51 0.725
d2 0.83 0.1159 4.48 × 10−4 7.51 0.725
d2 0.9 1.0199 2.08 × 10−5 15.02 0.725
d2 0.92 1.0162 1.88 × 10−5 15.02 0.725

d3 0.47 0.0245 9.12 × 10−3 3.76 2
d3 0.45 0.0260 7.90 × 10−3 3.76 2
d3 0.80 0.0833 5.02 × 10−3 7.51 2
d3 0.74 0.1278 3.42 × 10−3 7.51 2
d3 0.80 0.1331 5.42 × 10−3 15.02 2
d3 0.81 0.2117 3.73 × 10−3 15.02 2

d4 0.3 0.0028 3.686 × 10−1 1.88 15

d4 0.29 0.0044 2.5569 ×
10−1 1.88 15

d4 0.43 0.0105 9.7743 ×
10−2 3.76 15

d4 0.5 0.016 9.2701 ×
10−2 3.76 15

d4 0.61 0.0218 6.7168 ×
10−2 5.63 15

d4 0.61 0.0235 5.9689 ×
10−2 5.63 15

d4 0.67 0.0488 2.9586 ×
10−2 7.51 15

d4 0.68 0.0543 2.7332 ×
10−2 7.51 15

d4 0.72 0.1015 9.565 × 10−3 15.02 15
d4 0.74 0.1327 8.864 × 10−3 15.02 15

In Figure 4g,h we observe the spectra of ground samples after mixing two different
grain sizes. We observe that in most of the cases, the spectra fail to resolve the peak
associated with the two different length scales (i.e., grain sizes), but rather, the response
is a single peak with a critical frequency approximately given by the mean of the critical
frequency for the two independent grain sizes. Figure 4g,h also shows that the characteristic
frequency can resolve for two distinctive peaks only in mixtures with drastic differences
(>100%) in the grain sizes (e.g., 0.45 mm and 10 mm). Moreover, we can see an increase
in-phase (>100%) and quadrature conductivity (>100%) values when increasing the content
of the ground material, for instance, in the mixture of grain sizes d2 and d4.
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Figure 4i,j presents the spectra measured on the commercial graphite powder with
the increasing saline pore fluids. Due to the small grain size, the frequency peak occurs at
high frequencies (~200 Hz) at low salinity (0.023 mg/L) and shifts to higher frequencies as
the salinity increases (~5000 Hz for 1.15 mg/L), which is consistent with the observations
reported by Wu and Peruzzo [15]. The frequency peak and the in-phase and quadrature
conductivity values increase with fluid salinity. Similar to Wu and Peruzzo [15], we found
that increasing salinity shifts the characteristic frequency to higher frequencies (Table 5)
and similar to their 150 µm graphite data set, we found a decrease in the magnitude of the
phase response (Figure 4i,j).

Table 5. Cole-Cole parameters of the commercial graphite sample in terms of chargeability (M),
normalized chargeability, relaxation time, and the Natrium-chloride (NaCl) content of the pore fluid
of the mixture. The volumetric graphite content of the sand-graphite mixture is 2.01%.

d M Mn (S/m) T (s) NaCl Content (g/L) σf (S/m)

commercial 0.688 0.001 0.00993 0.023 0.005
commercial 0.642 0.002 0.00227 0.046 0.011
commercial 0.651 0.002 0.00240 0.069 0.015
commercial 0.617 0.003 0.00119 0.092 0.020
commercial 0.595 0.003 0.00102 0.092 0.020
commercial 0.584 0.006 0.00045 0.23 0.049
commercial 0.582 0.006 0.00045 0.23 0.050
commercial 0.541 0.010 0.00022 0.46 0.096
commercial 0.553 0.010 0.00022 0.46 0.099
commercial 0.516 0.014 0.00012 0.69 0.144
commercial 0.517 0.014 0.00014 0.69 0.144
commercial 0.508 0.017 0.00011 0.92 0.189
commercial 0.509 0.017 0.00010 0.92 0.192
commercial 0.499 0.021 0.00008 1.15 0.229
commercial 0.507 0.021 0.00008 1.15 0.230

d1 0.435 0.000 0.00851 0 0.003
d1 0.450 0.001 0.00286 0 0.010
d1 0.423 0.005 0.00035 0.092 0.021
d1 0.413 0.006 0.00033 0.23 0.046
d1 0.405 0.008 0.00023 0.23 0.046
d1 0.404 0.009 0.00023 0.46 0.086
d1 0.378 0.015 0.00014 0.46 0.087
d1 0.379 0.015 0.00014 0.92 0.167

d3 0.303 0.001 0.52567 0 0.008
d3 0.300 0.002 0.25820 0.092 0.022
d3 0.298 0.002 0.22127 0.092 0.023
d3 0.283 0.003 0.12993 0.23 0.048
d3 0.270 0.003 0.11120 0.23 0.053
d3 0.278 0.005 0.06865 0.46 0.085
d3 0.279 0.006 0.06461 0.46 0.085
d3 0.282 0.011 0.03538 0.92 0.167
d3 0.283 0.011 0.03316 0.092 0.172

3.3. Interpretation of SIP Signatures

To investigate the correlation between textural information (the grain size of the
ground materials) and the electrical properties, we present in Figure 5 the principal compo-
nent analysis (PCA) computed for each spectra measured in samples with well-defined
grain size. In particular, we use the PCA to investigate the correlation between the grain
size and the Cole-Cole parameters fitted to each measured spectra (see Tables 3–5). The PCA
helps us compare more variables through the fitting to each other orthogonal lines on the
set of observations [51]. We can determine the various accounts with the eigenvalues of the
principal components. The first two principal components give the axes of the coordinate
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system (Figure 5), which describe 88% (in the case of the graphite plugs), 83% (in the case
of the disseminated graphite), and 99% (in the case of the commercial graphite samples) of
the variation. Every parameter or component has a value between −1 and 1. These values
produce the coefficient matrix, giving the coordinates of the coefficients (see Figure 5). The
longer the vector resolved within each component, the higher the influence of the parameter.
In the case of the plug measurements, the PCA reveals that the sample volume correlates
more to the chargeability than the normalized chargeability, and both contribute to the
first principal component (Figure 5a). Figure 5b reveals that while the chargeability and
maximum phase values contribute to the first principal component, the grain size, which
correlates with the relaxation time the most, contributes the most to the second principal
component. The graphite volume correlates more to the normalized chargeability than to
the chargeability. Furthermore, in the case of measurements in synthetic graphite powder,
the normalized chargeability correlates to the salt content (Figure 5c). The PCA reveals
that the chargeability contributes to the first principal component, while the relaxation
time contributes to the second principal component; simultaneously, the graphite volume
(Figure 5a,b) contributes to both main principal components. Hence, it is clear that the
volumetric content of graphite is the main parameter controlling SIP signatures.
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To establish an experimental model that links our electrical parameters with graphite
content and grain size, we present in Figure 6 plots of the chargeability and normalized
chargeability against the graphite content, and the relaxation time against the grain size.
In Figure 6a, the chargeability (M) and the volumetric graphite content reveal a positive
linear relationship in cases with graphite content below 10%. Figure 6a reveals that most
of our laboratory measurements can be described with a power-law relationship between
chargeability and the graphite content, including samples with 15% graphite. Such a model
can be written as

∅ = a + bMc (4)

where ∅ represents the graphite volumetric content, and a, b, and c fitting constants.
Equation (4) was observed for different grain sizes; however, we observed different b

and c parameters for the small grain sizes (d1 and d2) in comparison to those needed for
larger grain sizes (d3 and d4, dashed line in Figure 6a). Alternatively, in Figure 6b, we show
the correlation between the normalized chargeability (Mn) and graphite volumetric content,
which also needs to be adjusted for large grain sizes. Such a power-law relationship can be
written as follows:

∅ = eM f
n (5)

where e and f represent fitting coefficients. As observed in Table 6, the use of Equation (5)
results in a coefficient of correlation (R2) higher than the one observed in Equation (4),
likely because involving the normalized chargeability also permits to account for variations
in the pore-fluid electrical conductivity (Equation (3)). Lesmes and Frye proposed the
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normalized chargeability as the parameter quantifying the polarization magnitude in
SIP measurements [52]. They argue that normalizing the chargeability by the electrical
conductivity, helps to reduce inferences in the data due to the fluid conductivity. However,
plots in Figure 4i,j and Figure 5c shows a dependency between our samples and the fluid
conductivity thus, the normalized chargeability offers a more robust approach for the
prediction of graphite content from SIP measurements as Mn accounts for the changes
in fluid conductivity. This apparent inconsistency is due to the presence of the electrical
conductors which is not considered in the study by Lesmes and Frye [52]. The studies
by Bücker et al. also revealed a change in the SIP response accompanying variations
in the fluid conductivity from a numerical point of view, while Wu and Peruzzo also
observed such variations in SIP measurements by changing fluid conductivity in laboratory
measurements [15,28].

Appl. Sci. 2024, 14, x FOR PEER REVIEW 16 of 24 
 

 
Figure 6. Cole-Cole parameters versus volumetric graphite content. (a) Chargeability M versus the 
volumetric graphite content of the sand-graphite sediment samples. (b) Normalized chargeability, 
Mn versus the volumetric graphite content. (c) Mean grain size versus the characteristic relaxation 
time τ of the sand-graphite sediment samples (all samples with the grain ID d1 to d4). The dashed 
and solid lines show the fitted power-law relationships. 

Equation (4) was observed for different grain sizes; however, we observed different 
b and c parameters for the small grain sizes (d1 and d2) in comparison to those needed 
for larger grain sizes (d3 and d4, dashed line in Figure 6a). Alternatively, in Figure 6b, we 
show the correlation between the normalized chargeability (M୬) and graphite volumetric 
content, which also needs to be adjusted for large grain sizes. Such a power-law relation-
ship can be written as follows: ∅ = 𝑒M୬௙ (5)

where e and f represent fitting coefficients. As observed in Table 6, the use of Equation (5) 
results in a coefficient of correlation (R2) higher than the one observed in Equation (4), 
likely because involving the normalized chargeability also permits to account for varia-
tions in the pore-fluid electrical conductivity (Equation (3)). Lesmes and Frye proposed 
the normalized chargeability as the parameter quantifying the polarization magnitude in 
SIP measurements [52]. They argue that normalizing the chargeability by the electrical 
conductivity, helps to reduce inferences in the data due to the fluid conductivity. How-
ever, plots in Figures 4i,j and 5c shows a dependency between our samples and the fluid 
conductivity thus, the normalized chargeability offers a more robust approach for the pre-
diction of graphite content from SIP measurements as M୬ accounts for the changes in 
fluid conductivity. This apparent inconsistency is due to the presence of the electrical con-
ductors which is not considered in the study by Lesmes and Frye [52]. The studies by 
Bücker et al. also revealed a change in the SIP response accompanying variations in the 
fluid conductivity from a numerical point of view, while Wu and Peruzzo also observed 
such variations in SIP measurements by changing fluid conductivity in laboratory meas-
urements [15,28]. 

Table 6. Cole-Cole parameter of the collected sediments in terms of chargeability (M), normalized 
chargeability (Mn) and relaxation time (τ), the volumetric graphite content in the sand-graphite 
mixture and the mean grain size of the graphite sediments. 

Fitted Parameters Grain ID Fitted Equation Quality of Fit 

Graphite content and M 
d1 and d2 ∅ = 2.2 + 18.4 ∙ M଺.ହ 𝑅ଶ = 0.84 
d3 and d4 ∅ = 2.5 + 36.6 ∙ Mସ.଻ 𝑅ଶ = 0.85 

Graphite content and Mn 
d1 and d2 ∅ = 45.1 ∙ M୬଴.ହ 𝑅ଶ = 0.94 
d3 and d4 ∅ = 175 ∙ M୬଴.଼ 𝑅ଶ = 0.76 

Grain size and τ all 𝜏 = 0.03 ∙ 𝑑଴.଼ 𝑅ଶ = 0.88 
Graphite content and M Plugs and d4 ∅ = 25 ∙ Mଵ.଼ 𝑅ଶ = 0.72 

Figure 6. Cole-Cole parameters versus volumetric graphite content. (a) Chargeability M versus the
volumetric graphite content of the sand-graphite sediment samples. (b) Normalized chargeability,
Mn versus the volumetric graphite content. (c) Mean grain size versus the characteristic relaxation
time τ of the sand-graphite sediment samples (all samples with the grain ID d1 to d4). The dashed
and solid lines show the fitted power-law relationships.

Table 6. Cole-Cole parameter of the collected sediments in terms of chargeability (M), normalized
chargeability (Mn) and relaxation time (τ), the volumetric graphite content in the sand-graphite
mixture and the mean grain size of the graphite sediments.

Fitted Parameters Grain ID Fitted Equation Quality of Fit

Graphite content and M d1 and d2 ∅ = 2.2 + 18.4·M6.5 R2 = 0.84
d3 and d4 ∅ = 2.5 + 36.6·M4.7 R2 = 0.85

Graphite content and Mn
d1 and d2 ∅ = 45.1·M0.5

n R2 = 0.94
d3 and d4 ∅ = 175·M0.8

n R2 = 0.76

Grain size and τ all τ = 0.03·d0.8 R2 = 0.88

Graphite content and M Plugs and d4 ∅ = 25·M1.8 R2 = 0.72

Graphite content and Mn Plugs and d4 ∅ = 108.7·M0.5
n R2 = 0.55

Salinity and M
commercial M = 0.4σ−0.08

f l R2 = 0.97
d1 M = 0.4σ−0.03

f l R2 = 0.75
d3 M = 0.3σ−0.03

f l R2 = 0.50

Salinity and Mn
commercial Mn = 0.001 + σf l ·0.09 R2 = 0.99
d1 Mn = 0.002 + σf l ·0.09 R2 = 0.82
d3 Mn = 0.0003 + σf l ·0.06 R2 = 0.99

Salinity and τ
commercial τ = 0.002σ−1.65

f l R2 = 0.99
d1 τ = 0.015σ−1.09

f l R2 = 0.99
d3 τ = 10.82σ−0.8

f l R2 = 0.99
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Consistent with previous studies [25], we also observed an increase in relaxation time
with increasing grain size (Figure 6c). In the case of our measurements, we obtained a
power-law relationship, written as:

τ = 0.03·d0.8 (6)

As observed in Figure 6c, the Equation (6) fits our data (correlation coefficient of
R2 = 0.88), as in general, we observe a large variability in the relaxation time for the
different grain sizes. This may also reflect a larger heterogeneity in the actual grain size of
the particles in d4.

We present the exact Cole-Cole parameters in terms of chargeability, normalized charge-
ability and relaxation time and the graphite volume for each grain size in Table 4. In contrast,
Table 6 shows the fitted parameters for the models describing the link between Cole-Cole pa-
rameters and the graphite content and grain size (i.e., associated with Equations (4) and (5)).
Similar to Pelton et al. [20], we found that the chargeability increases—and the relaxation
time decreases—with increasing graphite content, whereas the chargeability decreases—and
the relaxation time increases—with increasing the grain size.

Although we have resolved a relationship between graphite content and the SIP
response for laboratory measurements, evaluating the observed relationship for field
measurements is still necessary. To this end, we present in Figure 7 spectra extracted from
the complex conductivity imaging results of the profile P2b at a distance of 50 m and 125 m
close to the surface (z > 450 m). Moreover, in Figure 7 we present the spectra measured
on the site with the PSIP unit (at positions Z1 and Z5, referred to as in-situ PSIP from now
on). For the sake of comparison, we present in Figure 7 also the spectra in ground samples
with the largest grain size (d4). Figure 7 reveals similar spectra for those extracted from
the imaging plane (at a profile distance of 125m), those collected in-situ PSIP, and in the
ground samples. The in-situ PSIP and imaging measurements (carried out with the DAS1
instrument) were conducted on different days, which can explain some spectral differences.
The field spectra (both DAS1 and PSIP measurements) do not reveal a clear frequency
peak, i.e., the spectra are almost flat, clearly different from the measurements in samples
with well-defined grain size samples. Hence, our measurements suggest that materials
in Zettlitz quarry are well sorted (i.e., even distribution of different grain sizes), at least
within the range of frequencies captured with our measurements. Nonetheless, Figure 7
indicates a slight increase with increasing frequency, suggesting that the frequency peak
may be found at frequencies above 100 Hz, which, according to the mechanistic models, is
indicative of the dominating fine grains, as predicted by the mechanistic models [25,27,28].
However, field data measured at higher frequencies is needed to thoroughly investigate
the possible frequency peak.
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z coordinate represents the height of the imaging results, and the x coordinates the position at the
profile length.
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In Figure 8, we present plots of the graphite volumetric content as a function of
chargeability and normalized chargeability. Here we present only the parameters obtained
for spectra measured in plugs 2 and 4 as well as those obtained for the ground samples
with the largest grain (d4). SIP data for plugs 2 to 4 indicate that these correspond to
similar composition, although the exact graphite content is only known for plug 4. We
account for the size of the samples (plugs and ground material) to compute the graphite
volumetric content. We found a power-law correlation between the chargeability and
graphite volume (Figure 8a) and normalized chargeability and graphite volume (Figure 8b)
and applied the Equations (7) and (8) (respectively) to determine the graphite content of
both the rock and the ground samples. The obtained models revealed a better coefficient of
correlation (R2 = 0.72) for Equation (7) than for Equation (8), as observed in Table 6, and
can be written as:

∅ = 25·M1.8 (7)

∅ = 108.7·M0.5
n (8)
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Assuming that the plots presented in Figure 8 represent an experimental model linking
the electrical properties (i.e., M and Mn) and the graphite content for heterogeneous samples,
we believe that Equations (7) and (8) may be applicable for all SIP measurements collected
at the Zettlitz site. In this regard, we assume that the plugs provide a representative
sample for the real materials, yet we require the data collected in ground samples, where
the graphite content was measured through X-ray fluorescence spectroscopy and LECO
analysis. Such methods for direct quantification of graphite content are not possible on
larger samples (i.e., the plugs) or in-situ.

3.4. The Dependency of SIP Parameters on Pore Fluid Conductivity

Wu and Peruzzo reported a strong relationship between pore fluid salinity and charge-
ability [15]. In particular, they specified that increasing salinity and decreasing chargeability
correlate with the 150 µm grain size graphite if the sample contains 5% graphite. However,
Revil et al. found the chargeability to be independent for measurements varying the pore
fluid in a conductivity range between 0.1 and 10 S/m [33]. To better evaluate the pore fluid
dependency of our SIP signatures (and the derived petrophysical model), we conducted SIP
measurements in the lab, varying the pore fluid conductivity at different intervals between
0.03 and 0.23 mS/m on ground samples as well as commercial graphite with well-defined
grain size.

Figure 9a shows that the chargeability (M) of commercial graphite samples and site-
specific rock samples (volumetric content is 2.01% in all samples; values are presented in
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Table 5) decreases exponentially when increasing the pore fluid conductivity (σf ) in a range
from 0.005 S/m to 0.25 S/m. Here we observe the highest chargeability values (M = 0.7) for
commercial graphite samples (grain size < 0.07 mm), which is more than two times higher
than the value observed for the ground samples d3 (M = 0.3 for). Figure 9b shows a clear
linear relationship between the normalized chargeability (Mn) and σf . Additionally, we
observe in Figure 9c that the relaxation time (τ) decreases exponentially when increasing
σf from 0.005 S/m to 0.25 S/m.
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Similar to Wu and Peruzzo and Gurin et al., our results demonstrate the dependency on
fluid conductivity of SIP signatures in graphite measurements [13,15]. For our experiments,
we applied a solution in the conductivity range between 0.005 and 0.25 S/m, corresponding
to the pore fluid conductivity we measured at sites with no visible graphite on the surface
and graphite outcrop. Furthermore, we conducted measurements with increasing pore
fluid salinity on samples collected on the field and found the same behavior: a decrease in
chargeability with increasing salinity as well as an increase in the normalized chargeability
with increasing the fluid conductivity (Table 5). However, in the case of the grain size
d3 and fluid conductivity above 0.08 S/m, the chargeability remains constant. Bücker
et al. found that in the case of big particles (d > 60 µm), where the volume diffusion
dominates, the relaxation time has negligible sensitivity to the changes in the pore fluid
conductivity [28]. However, it is sensitive to the reaction current. We observe a decrease
in relaxation time with increasing fluid conductivity. The decrease is larger at low salinity
(<0.05 S/m) with almost constant relaxation time values at high salinity (>0.05 S/m).

3.5. Field-Scale Quantification of Graphite Content

Built on Equations (7) and (8) derived from SIP measurements with our laboratory
samples, we could estimate the graphite content using the SIP profiles under investigation
using the fitted Equations (7) and (8) (see also Table 6). In Figure 10, we present the
relative RMS error (rRMSE) of the Cole-Cole fit for each pixel. The rRMSE values are
mostly below 20%, which is considered a reasonably good model fit [53]. In the case of
profile P1 (Figure 10a–c), M and Mn resolve for a similar low graphite content (<10%). The
graphite content is slightly higher (~13%) within the first 100 m along the profile direction,
in a layer extending to the surface and ca. 10 m depth. In the case of P7, Figure 10d,e
show a significant difference in the estimated graphite content for estimations using M
and Mn,. For the former, the highest graphite content (~20%) is resolved in the second
half of the profile (>75 m along profile distance), whereas the highest graphite content
(up to 40%) is observed in the first half of the profile if we use the model based on Mn.
Significant discrepancies are also observed for P2 and P2b (Figure 10). The estimations
based on Equation (8) using Mn (obtained from the biggest grain size, d4 and the plugs due
to their most probable similarities to the field properties) agrees exactly with the expected
graphite-rich area, as obtained from geological (i.e., surface) observations. Hence, these
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results demonstrate that Equation (8) is best suited to estimate the graphite content at sites
where the graphite content is significantly larger than 20%.
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Abdulsamad et al. concluded that the graphite content could be estimated with their
linear model in the case of low graphite content, while in the case of high graphite content,
high conductivity is observable [16]. Our results suggest that chargeability can be used
to estimate graphite content in the case of low graphite content. Although Mao et al.
suggest that the normalized chargeability is meaningless in the case of ore bodies, our
results suggest that we can estimate graphite content with the normalized chargeability [54].
Further work is required to include the relaxation time in the empirical model to achieve a
more accurate graphite content estimation.

4. Conclusions

We studied graphite samples to obtain the Cole-Cole parameters and estimate the
graphite content in different SIP imaging fields. We observed frequency dependence of the
SIP imaging and laboratory SIP measurements conducted on the collected and commercial
graphite samples. These samples included both disseminated unconsolidated materials
and plugs drilled from graphitic rock formations. We found a power-law correlation
between the normalized chargeability and volumetric graphite content as well as between
the chargeability and volumetric graphite content of the disseminated graphite samples
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and the drilled plugs. While the chargeability shows high values for the smaller grain
size, the normalized chargeability tends to be more sensitive to the grain size differences at
high graphite concentrations (>10%). The graphite content obtained with the normalized
chargeability is consistent with field observations. Furthermore, we investigated the pore
fluid salinity dependence of graphite sediments with different grain sizes. Our results
suggest that the pore fluid salinity influences the Cole-Cole chargeability, normalized
chargeability and relaxation time, especially at low pore fluid salinity changes. Our results
open the possibility of applying normalized chargeability for improved graphite content
characterization and estimation. Moreover, we emphasize the importance of employing
stochastic approaches for geophysical data inversion to ascertain uncertainty in electrical
property assessments. This aspect is pivotal for accurately gauging the uncertainty in our
graphite estimations and should form the cornerstone of forthcoming research endeavors
in this field.
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