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Abstract-The Roter Kamm impact crater is located in the southern Namib Desert. The crater
has a diameter of 2.5km and belongs to the category of simple, bowl-shaped impact craters,
with an elevated rim of fractured target rock. The crater’s interior is completely buried beneath
sediments, preventing extensive surface investigations of the bedrock topography. Geophysical
investigations were carried out to better characterize the sediment cover, the resulting shape of
the crater, and the infill of the impact structure. Two electromagnetic techniques, transient
electromagnetics and audiomagnetotellurics, were used to study the subsurface resistivity
structure across and beyond the Roter Kamm crater along two transects. The postimpact
sediments inside the crater reach thicknesses up to 340m. The surface of the underlying
brecciated zone exhibits the characteristic bowl-shape of a simple crater. A prominent
conductive anomaly was found inside the sedimentary succession, indicating the presence of
water. The boundary between fluid-saturated and dry material likely marks the transition from
postimpact sediments to impact breccia. Our results provide the first geophysical model of the
sedimentary infill of the Roter Kamm impact crater derived from electromagnetic methods.

INTRODUCTION

Currently, some 210 impact structures have been
confirmed on Earth (Gottwald et al., 2020; Schmieder &
Kring, 2020; Kenkmann, 2021; Osinski et al., 2022). The
morphology of impact structures can either be simple or
complex. As the name states, a complex crater represents a
complex morphology with a collapsed rim section and a
central uplift or central peak-ring structure, in contrast to
the simple geometry of a smaller crater. In addition, a
complex impact crater has a shallower depth-to-diameter
ratio (Collins et al., 2012; French & Koeberl, 2010; Osinski
& Pierazzo, 2013). Simple craters typically have a diameter

smaller than 4 km in crystalline or 2km in sedimentary
host rock (Dence, 1972). Located in the southern Namib
Desert and with a diameter of 2.5 km, Roter Kamm (cf.
Figure la) is among the largest simple craters known on
Earth. It is situated approximately 10 km west of the
Aurus Mountains, which extend from southeast to
northwest, indicating the general faulting direction of the
region (Thomas et al., 2016).

Roter Kamm is extensively filled by eolian sand and
active sand dunes, indicating that eolian activity was the
dominant process in the formation of the crater infill
(Miller, 2008, 2010). However, the crater rim remains
largely exposed (Figure 2, Dietz, 1965; Fudali, 1973;
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FIGURE 1. ESRI World Imagery basemap satellite image (Environmental Systems Research Institute [ESRI], 2022) of (a) the survey
area in the Namib Desert with a map of Africa indicating Namibia (dark gray) and the location of the Roter Kamm crater (red star).
(b) Close-up of the Roter Kamm impact crater with the transient electromagnetic (TEM) and audiomagnetotelluric (AMT) survey
setup (Legend abbreviation: SL P1 =single-loop TEM profile 1, SL P2 =single-loop TEM profile 2, FL Tx = fixed-loop TEM
transmitter (A, B, C and D), FL Rx = fixed-loop TEM receiver position, AMT = AMT sounding location). E1-E3 denote locations
of interest: the crater center (E1 in b), crater rim (E2 in b), and surrounding plain (E3 in a) of the Roter Kamm. The black star marks
the viewpoint from where the photograph shown is Figure 2 was taken. (Color figure can be viewed at wileyonlinelibrary.com)
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Reimold & Miller, 1989; Hecht et al., 2008). Roter and Fudali (1973) were the first to indicate an impact
Kamm was formed by a meteorite impact approximately  origin of the crater, but Reimold and Miller (1989)
4-5 million years ago (Hecht et al., 2008). Dietz (1965) presented the first diagnostic evidence. The basement in
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FIGURE 2. Photograph taken during the field survey from the northwestern rim of the Roter Kamm crater toward the
southeast. The viewpoint from where the image was taken is marked by a black star in Figure 1b. (Color figure can be viewed at

wileyonlinelibrary.com)

this area is the Namaqua Metamorphic Complex, a
granitic gneiss containing quartz veins and pegmatites (cf.
Koeberl, 1994; Miller, 2008; Reimold et al., 1994;
Thomas et al., 2016). The basement is exposed at the
crater rim, showing notable brecciation. Cataclastic
breccia occurrences with radial orientation are
widespread (Miller, 2008). The basement is covered by
semiconsolidated sediments of the Tsondab sandstone
formation, overlain by a layer of eolian sands from the
Sossus sand formation (Miller, 2008; Reimold et al.,
1994). The main ejecta apron is situated to the northwest
of the crater (Miller, 2008; Reimold & Miller, 1989).
Based on the location of the ejecta apron and the higher
density of cataclastic breccia veins in the northwestern
sector of the rim, it has been speculated that the impact
trajectory could have been from the southeastern
direction (Miller, 2008, 2010).

Many impact craters are covered by postimpact
sediments (e.g., Pilkington & Grieve, 1992), which makes
surface study difficult (Koeberl, 1994). Geophysical studies
can shed light on the thickness and architecture of the
sedimentary cover or infill and the stratigraphy of the
underlying impact crater. Many of those studies used
gravimetry and magnetics (e.g., Brandt et al.,, 1998;
Fudali, 1973; Ugalde et al., 2007), as well as seismics and
ground-penetrating radar (e.g., Grant et al., 1997; Urbini
et al., 2012). The electrical resistivity structure of impact
craters has been studied by comparatively few authors
using electrical current-based methods, such as
electromagnetics (e.g., Adepelumi et al., 2005; Henkel,
1992; Masero & Fontes, 1991; Prado et al., 2019).

Previous geophysical studies at the Roter Kamm
impact crater employed three different methods: gravity
(Brandt et al., 1998; Fudali, 1973), magnetics (Brandt
et al., 1998; Reimold et al., 1992), and ground-penetrating
radar (Grant et al., 1997). The gravity data suggested a
symmetric, bowl-shaped form of the Roter Kamm crater

(Fudali, 1973). Gravimetric data modeling suggested a
sedimentary thickness of about 300 m in the crater center
(Brandt et al., 1998; Fudali, 1973). However, these studies
assumed that the depth-to-diameter ratio is similar to the
ones found at other simple impact structures (Fudali,
1973). Brandt et al. (1998) inferred a magnetic source body
at a depth of 700-800 m, which matches the assumptions
by Fudali (1973) regarding the base of the impact breccia
above bedrock. The maximum negative gravity anomaly
(—8.8 mGal) indicated strong brecciation of the material
inside the crater (Brandt et al., 1998). Ground-penetrating
radar measurements could only achieve a penetration
depth of less than 5m due to the moisture content
originating from nightly fog leading to strong signal
attenuation (Grant et al., 1997). Nevertheless, a calcrete
crust was identified along the outer flank of the crater rim.
This crust slopes toward the crater center with an angle of
up to 22°, according to ground-penetrating radar data
(Grant et al., 1997).

In contrast to the classical potential methods
(magnetics and gravity) and the visual interpretation of
ground-penetrating radar data previously used to study
Roter Kamm, our transient electromagnetic (TEM) and
audiomagnetotelluric (AMT) investigations can yield more
reliable models of the subsurface. Using these methods,
the sedimentary cover, the internal crater structure, and
the crater infill can be imaged (e.g., Blanco-Arrué et al.,
2022; Nienhaus et al., 2023; Yogeshwar & Tezkan, 2017).
Another advantage of electromagnetic (EM) methods,
such as TEM and AMT, is their sensitivity to the presence
of fluids. The fluid content of a material greatly influences
the bulk electrical conductivity (e.g., Archie, 1942). While
the host material is resistive, even small amounts of water
can lead to a significant decrease in resistivity. Besides
water saturation, another important driver of conductivity
can be clay content (Waxman & Smits, 1968; Winsauer &
McCardell, 1953). Additionally, in crystalline bedrock, a
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decrease in resistivity has often been interpreted as an
indication of increased fracturing (e.g., Henkel, 1992;
Pilkington & Grieve, 1992).

Here, we present the first EM study of the Roter
Kamm impact crater using TEM and AMT methods.
Our results image the thickness and geometry of the
postimpact sediment cover inside and outside of the
impact crater and reveal the upper boundary of the
breccia.

METHODS AND FIELD SURVEY

This section presents the methodology of our study. It
includes a description of the geophysical methods, the
survey design, and the data processing procedures.

The Transient Electromagnetic and Audiomagnetotelluric
Methods

Electromagnetic methods are sensitive to electrical
conductivity, the inverse of electrical resistivity, and are
used to identify subsurface conductivity variations. High
conductivities can be attributed to the presence of water as
well as clay or ore minerals. Thus, EM methods are
typically used for mineral exploration, groundwater
detection, and imaging the stratigraphy of sedimentary
basins (e.g., Blanco-Arrué et al., 2022; Danielsen et al.,
2003; Morbe et al., 2024; Zhang et al., 2025). We selected
two EM methods to map the basement and sedimentary
infill of the Roter Kamm impact crater: Transient
electromagnetics (TEM) and Audiomagnetotellurics
(AMT). The TEM method is especially capable of imaging
shallow to intermediate depths (<500 m, Spies, 1989),
whereas AMT can resolve resistivities up to a few
kilometers depth (Simpson & Bahr, 2005). Combined,
these methods can provide more reliable resistivity models
over a wide depth range. Although both are based on the
same physical principle of electromagnetic induction, they
differ considerably in terms of resolution, application and
data analysis.

The TEM method is an active EM method using a
pulsed loop-source transmitter. For this study, we chose
two different transmitter-receiver configurations: the
single-loop and the fixed-loop geometry. The single-loop
configuration uses one wire loop that serves
simultaneously as transmitter and receiver, making this
setup particularly time efficient and logistically
beneficial, especially for small loop sizes. However, with
increasing target depths, larger transmitter loops are
required (Spies, 1989). Therefore, we additionally
deployed a fixed-loop TEM configuration, where only
one large transmitter loop is used with multiple
independent receiver stations placed in and outside of
the transmitter.

In contrast to the TEM method, AMT is a passive
EM method, meaning that no artificial source is needed
and naturally occurring EM field variations are used as
source signal. The AMT method covers a frequency range
from 1 to 10,000 Hz, allowing measurement of three
magnetic field components and two horizontal electric
components. The data are commonly presented as
apparent resistivity and phase (termed as transfer
functions). Both are derived from the ratio of the
horizontal electric and magnetic field components. In the
case of a two-dimensional subsurface, the derived transfer
functions decouple in two modes, termed xy- and yx-
polarization, where the electric field points in the
x-direction and the magnetic field in the y-direction and
vice versa. In case of a one-dimensional subsurface, both
polarizations yield identical transfer functions.

Survey Design

The field survey focused on two perpendicular profiles
transecting the Roter Kamm impact crater (Figure 1a,b).
Profile P1 extends from southwest to northeast, whereas
profile P2 is oriented from southeast to northwest. Profile
P1 was densely sampled, including single-loop and
fixed-loop TEM as well as AMT measurements, and is
referred to as the main profile. It extends toward the Aurus
Mountains in the northeast and perpendicular to the
regional northwest-southeast fabric. Along profile P2,
single-loop TEM measurements were conducted, using a
single fixed-loop transmitter placed at the crater center.
Along profile P1, we positioned four large fixed-loop
transmitters with a size of 200 m x 200 m and a distance of
800 m between each transmitter center. Each source has 11
corresponding receiver stations along P1 with a maximum
offset of 400 m from the center and a spacing between
stations of 50 to 100 m. Inside the Roter Kamm crater,
additional single-loop soundings with a smaller transmitter
size of 100m x 100 m were recorded to acquire shallow
depth information.

We collected relatively sparse AMT data to
complement the extensive TEM dataset and to acquire
complementary information from greater depth. Eleven
AMT soundings were recorded along P1 with a denser
spacing inside the crater (Figure 1b). Due to a tight survey
schedule and limited manpower, we omitted installing the
vertical magnetic field sensors. Typically, two time series
with sampling frequencies of 25,000 and 500 Hz were
recorded at each sounding location for 10 and 20 min,
respectively. Directly on the rim, as well as southwest of
E2 and at the southwestern end of profile P1, the schedule
settings of the logger unit were changed to optimize the
time series recordings.

Along Profile P2, fixed-loop soundings were only
carried out around the center of the impact crater,
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whereas the rest of the profile was only covered by
single-loop soundings due to survey constraints
(Figure 1b). One single-loop measurement was obtained
on top of the northwestern crater rim using a 50 m X 50 m
loop. All measurements along the regional profile were
carried out using the small single-loop setup.

For the single-loop measurements the TEM-FAST
48 (AEMR, 2007), a lightweight and portable
transmitter-receiver unit, was utilized. The equipment
used for the fixed-loop measurement consists of the
Zonge ZT-30 transmitter unit (Zonge, 2000) and two
receiver units with induction coils: (1) SMARTem24
Geophysical Receiver System (ElectroMagnetic Imaging
Technology [EMIT], 2018) plus Geonics 3-D-LF
induction coils and (2) KMS-820 Data Acquisition Unit
(KMS Technologies, 2019) plus two Zonge TEM/3 coils.
The AMT data were collected with the SPAM Mk-1V
system (Klose et al., 2011); the horizontal magnetic fields
were recorded with the Metronix MFS07 broadband
induction coils and the horizontal electric field with 60-
m-long grounded dipoles.

Data Processing and Inversion Techniques

Transient Electromagnetic Method

Data processing included several steps, such as digital
filtering, log-gating, and stacking. Firstly, the measured
time series were digitally filtered using the three-point filter
described by Morbe (2020). This filter removes correlated
noise generated by power lines (f= 50 Hz in Namibia), as
well as possible time series amplitude shifts or linear drifts.
A log-gating approach (Munkholm & Auken, 1996;
Larsen et al., 2021) and, subsequently, a selective time
gate-stacking scheme were used (Hanstein et al., 1986).

Comprehensive subsurface resistivity models were
calculated along both profiles using a smoothness
constrained Gauss-Newton based 3-D inversion algorithm
(termed TEM3Dinv), enforcing smooth resistivity
variations across the model (Blanco-Arrué, 2024; Liu
et al.,, 2024). TEM3Dinv uses a staggered grid with
hexahedral grid cells and assigned resistivity values for
finite volume discretization (Yee, 1966). Topography has
not been incorporated yet, which can pose a limitation
when modeling data from rugged terrain. The data along
the regional profile were interpreted using the
well-established 1-D inversion algorithm EMU+ of the
University of Cologne (e.g., Scholl, 2005; Yogeshwar,
2014). Due to the large interstation distance along the
regional profile, a 3-D interpretation was not feasible. A
combined inversion of TEM and AMT data was carried
out for one sounding at the center of the Roter Kamm
crater, as the data indicated a one-dimensional electrical
resistivity distribution. For this purpose, we applied the
Marquardt-Levenberg scheme, which employs a reduced

number of predefined layers with sharp interfaces
(Levenberg, 1944; Marquardt, 1963).

As a measure of data fitting, the error-weighted root-
mean-square (WRMS) was calculated:

_ 1 v dobs —dcale ?
WRMS_\/NZ’—‘<TW) (1

with N being the number of data, d,ps and d.,c the
observed and calculated data and Ad,, the
corresponding data error. A wRMS-value of 1 indicates
that the model explains the data optimally.

To evaluate the reliability of the model in terms of
depth of investigation (DOI), we used two different
formulations. For the 3-D model, the DOI estimate was
based on the model sensitivity, which takes into account
the source-receiver geometry, data information content,
and data error, as well as the modeled conductivity
distribution  (Christiansen & Auken, 2012). For
one-dimensional DOI estimations, the Spies formula was
used (Spies, 1989). It considers the transmitter moment,
the average electrical resistivity, and the noise level, but
discards the source-receiver geometry. Depending on the
subsurface conductivity and the transmitter-receiver
configuration, different depth ranges can be targeted.

Audiomagnetotelluric Method

To estimate the transfer functions, the AMT data
were processed following Ritter et al. (1998). We used the
MARE2DEM algorithm to derive a 2-D subsurface
resistivity model (Key, 2016). While finite difference
discretization is incorporated for the 3-D TEM inversion
algorithm, MARE2DEM uses finite clements on a
triangular mesh. The algorithm can include topography
along the profile line.

Before applying MARE2DEM, the dimensionality of
the data was analyzed to ensure it is not predominantly
influenced by 3-D effects and distorted by off profile
resistivity variations. We used a skewness criterion to verify
approximate two-dimensionality conditions for the Roter
Kamm target, and in addition analyzed the strike angle of
each sounding (Bahr, 1988). The geological strike direction
aligns with the orientation of geological features such as
fault zones and is ideally perpendicular to the profile layout.

RESULTS

First, we present representative TEM and AMT data
examples, and analyze their dimensionality to assess the
nature and complexity of the subsurface. Subsequently, we
introduce the derived resistivity models, providing insights
to the spatial distribution of subsurface resistivities and
their potential geological causes.
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FIGURE 3. Transient electromagnetic (TEM) and audiomagnetotelluric (AMT) data examples and AMT dimensionality analysis
along profile P1, with E1 at the center of the crater, E2 at the crater rim, and E3 halfway between the Roter Kamm crater and the
Aurus Mountains (cf. locations in Figure 1a,b). The measured data and error (circle with error bar), as well as the modeled data from
the inversions (1-D/3-D TEM and 2-D AMT) are depicted by a line. (a) Voltage decay versus transient time for fixed-loop soundings

(FL, upper panel) and a single-loop measurement (SL) with a

transmitter size of 50 x50 m* (lower panel). (b) AMT transfer

functions, apparent resistivity (upper panel) and phase (lower panel). No usable transfer functions of the xy-polarization data exist at
location E2. (c) Skewness 7 for the sounding E1 at the center of the crater and E2 located on top of the crater rim (E2). (d) Rose
diagram for all AMT stations with 0° indicating magnetic North. (Color figure can be viewed at wileyonlinelibrary.com)

Data Examples and Dimensionality Analysis

Figure 3 shows three data examples from sounding
locations E1, E2, and E3 in Figure la,b. The single-loop
sounding data along the regional profile (E3 SLz,
transmitter size 50 x 50 m?) cover early times starting at
8 ps up to 2.3 ms, providing shallow depth information.
The change in temporal decay characteristics indicates the
presence of a conductive layer below a resistive
overburden. The fixed-loop data (for locations E1 and E2)
span a time range from 50 ps to 20 ms. Sounding E2 is an
example from the crater rim with a 400 m offset between
transmitter and receiver. The transmitter-receiver
geometry causes the sign reversal in the vertical
component (E2 FLz) at t~ 1.5 x 10~*s. Both measured x-

and z-components (E2 FLx and FLz) show a comparable
decay rate at later times. The transient at the center of
Roter Kamm (E1 FLz) was measured in the center of the
transmitter loop and, therefore, has a higher voltage
amplitude. The strong decay at later times indicates a deep
resistive base layer. As the Roter Kamm crater presents a
multidimensional target, a reliable analysis of the data
requires sophisticated TEM inversion schemes.

The AMT apparent resistivity and phase curves from
the center of the impact crater (E1 MT) and its rim (E2
MT) are presented in Figure 3b. Note that for the xy-
polarization no reliable transfer functions were obtained at
sounding location E2 (cf. Figure 1b for location). The
curves clearly show different subsurface characteristics
between locations El and E2. Whereas the apparent
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resistivity at the crater rim indicates an increase of
resistivity with depth, the data from the center of the
crater suggest a three-layered case with a conductive layer
between two resistors. The apparent resistivity behavior is
confirmed by the period dependency of the observed phase
values.

The agreement of both polarizations at sounding
location El at the crater center suggests a 1-D subsurface
distribution. This is in accordance with the frequency
behavior of the skewness # in Figure 3c, which is mostly
below the threshold value of 0.3, indicating the absence of
any 3-D data distortion effects (Bahr, 1991). The data
measured on top of the rim are the only exception with
significantly higher skewness values over the entire
frequency range (Figure 3c). This is a clear indication of a
multidimensional subsurface. However, we observe a
consistent pattern of all calculated strike angles for all
AMT soundings shown in the rose diagram (Figure 3d).
Based on the general faulting in the area (Thomas et al.,
2016), and the profile angle transecting the crater rim, 46°
N appears to be a reasonable strike direction.

The Resistivity Models

To derive a minimum layered model with sharp
boundaries for the center of the Roter Kamm crater, we
applied a 1-D joint Marquardt-Levenberg inversion
(Marquardt, 1963) of the AMT (xy-polarization) and
TEM data. The model shows a four-layered depth profile
down to 600 m depth (Figure 4a).

The shallow 80 Qm surface layer with a thickness of
25m (Layer 1) is followed by a 1000 Qm layer (thickness:
85m, Layer 2), a 10 Qm conductor (thickness: 230 m,
Layer 3), and a 1000 Qm resistive base layer (Layer 4).
The narrow range of equivalent models, which fit the
data well, indicates that the upper boundary and
resistivity of Layer 3 are resolved well. The lower
boundary is imaged at 340 m depth with an accuracy of
4+30m, and the DOI estimates to 630 m for TEM and
9500 m for AMT. Both DOIs clearly exceed the lower
interface. The resistivities of Layers 2 and 4 are not
resolved well, as TEM and AMT are most sensitive to
conductors. Layer 1 is also not well resolved, because,
besides the high resistivity, the frequency and time ranges
of the AMT and TEM data do not provide sufficient
shallow depth information.

All multidimensional inversions were carried out
using a 100 Qm homogeneous starting model. The 3-D
TEM inversion includes the two components of the fixed-
loop data and the additional single-loop data, whereas
the 2-D AMT inversion includes both polarizations,
except on the crater rim, where only the xy-polarization
data were used due to strong 3-D data distortion. The
two-dimensional resistivity sections along both profiles

reveal a conductive anomaly shaped like a convex lens
embedded in a resistive surrounding (Figure 4b,c). The
lens is located exactly between the crater rims at a depth
of 80 m below the surface. Both methods resolve the
boundaries of the conductor along P1 equally well and
are in good agreement. Although a smoothness-
constrained inversion technique was wused, the
comparison of the resistivity-depth profiles extracted
from the 2-D AMT and 3-D TEM models at the center of
the crater compares well against the 1-D AMT + TEM
joint inversion result, validating the results of both
methods (Figure 4a).

The shape of the anomaly is not fully symmetric, as
the slope of the lower boundary is steeper at the
northwestern part of P2 and the northeastern part of P1.
However, whereas the TEM models resolve the horizontal
extent of the conductor better due to the increased data
coverage, the AMT method has an improved depth
resolution. Due to the low-frequency AMT data, the
structure underneath the conductive lens is resolved better.
The resistivity underneath the conductive lens appears to
increase with depth to high values exceeding 1000 Qm. The
lens extends horizontally approximately 1450m in
northeast-southwest direction and 1900 m in northwest—
southeast direction, indicating a slight asymmetry of the
crater interior. Inside the crater, the sensitivity-based DOI
indicates the lower boundary of the conductive anomaly
rather than the lower resolution limit. Therefore, the two
definitions of the DOI indicate different resolution depths.
Below the crater rim, no other conductive anomalies are
detected.

Outside of the impact structure, a conductive layer is
imaged along the regional profile (cf. Figure 1a), which
extends from the rim at a depth of around 50 m toward
the northeast (Figure 4d). This layer has a similar
resistivity as the conductive lens. It continues toward the
Aurus Mountains with increasing thickness and slightly
increasing resistivity.

DISCUSSION

The derived conductivity models can shed light on the
shape and the nature of the infill of the Roter Kamm
impact crater. The AMT and TEM results reveal the
geometry, thickness, and internal structure of the
sedimentary infill, which can provide information
concerning postimpact deposition in dependence on
regional climatic and environmental histories.

Postimpact Sediments
We distinguished three layers with different electrical

properties in the central part of the impact crater,
possibly all representing sedimentary infill (Figure 4).
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FIGURE4. Inversion models for transient electromagnetic (TEM) and audiomagnetotelluric (AMT) data. Numbers mark the
common features in the different models. (a) 1-D model of AMT and TEM data compared with the resistivity-depth profiles
extracted from the 3-D TEM and 2-D AMT models. Layer boundaries are highlighted in red. The depth of investigation (DOI)
for the 1-D AMT model is 9500 m, while it is 630 m for the 1-D TEM model. (b) 3-D TEM model along profile P1 (upper
panel) and 2-D AMT model along P1 (lower panel). Whereas the AMT stations are marked in black. The DOI for the AMT
model is outside of the presented axes. (c) 3-D TEM model along profile P2 with the DOI indicated as a black line. The
horizontal dimension of the conductive lens is indicated by continuous black lines, and the center of the Roter Kamm impact
crater by a dashed purple line. (d) 1-D Marquardt-Levenberg inversions of all TEM soundings along the regional profile. The
DOI is marked by a black dashed line. Topography data taken from National Aeronautics and Space Administration Jet
Propulsion Laboratory [NASA JPL] (2022). (Color figure can be viewed at wileyonlinelibrary.com)

Layer 3 is of planoconvex shape and the most prominent
feature. The resistivity variations within the sediments
may be attributed to different moisture contents, as the
presence of ore minerals is unlikely inside an impact
crater, where the target rock did not contain such
minerals prior to impact. Following Archie’s law for clay-

free sediments, the higher the moisture content, the
higher the conductivity (Archie, 1942). Hence, the
conductive lens probably marks a zone of particularly
high moisture content or accumulation of water, whereas
the upper two layers are comparatively dry. As the
topmost layer (Layer 1) is slightly more conductive than

850807 SUOWIWOD aA1e1D 3|edldde au Aq peusenob ae sspiie YO ‘88N JO SejnJ 1oy ArIqiT8uIIUO 8|1 UO (SUOTPUCD-PUR-SLLBILO0D A8 1M ATeJq 1jaUl [UO//:SANY) SUORIPUOD pue swie | 8L 88S *[9202/80/50] U0 A%iqi7aulluo AB[IM ‘Ul NZ IsBAIN Jep *(q!g Aq 88002 SEBW/TTTT OT/I0PAU0D A8 | IM AeIq Ul |UO//:Sdny WOy pepeojumod ‘2 ‘9202 ‘00TSSYET


http://wileyonlinelibrary.com

1394 H. Nienhaus et al.

Layer 2, it may contain a relatively higher moisture
content, likely resulting from nightly fog. This
interpretation is supported by zones of increased
vegetation observed across the crater surface during the
field survey in March 2022.

Archie (1942) described an empirical relation
connecting the resistivity of a pore fluid with bulk
resistivity. Archie’s law is based on several rock
parameters, such as saturation and pore geometry.
Dickinson and Ward (1994) measured an average
porosity of 34% for eolian sediments in the Namib
desert. To estimate the fluid conductivity using Archie’s
law, we assumed fully saturated, unconsolidated sand
within the conductive lens with a tortuosity factor of 0.88
and a cementation exponent of 1.37 (Keller, 1988). Using
the modeled bulk resistivity (p, ~ 10 Qm), we estimated
fluid resistivity of pg=p,/F~2.6 Qm. Interestingly, a
water sample we collected during the field survey from a
borehole in the Aurus Mountains (—27.588266° N,
16.399952° E) approximately 23 km to the northeast of
Roter Kamm has a resistivity of 1.85 Qm at a
temperature of 20.1°C. Whereas the fluids occurring at
Roter Kamm and at the borehole might not have the
same origin, it shows that highly conductive fluids are
present in the vicinity of the survey area. However, an
accurate analysis of water saturation and pore-fluid
resistivity would only be possible if the rock formation
parameters were known, for example from borehole data.

The similar resistivities of the conductive lens and the
layer outside of the crater suggest that the material
composition is comparable. The layer outside the crater
extends more than 10 km toward the Aurus Mountains
and therefore cannot be attributed to ejecta from the
crater. The conductivities of the investigated structures
are considerably lower than those modeled at the Aurus
clay pan (Nienhaus et al., 2023), northwest of Roter
Kamm (Figure la). This suggests that the conductive
structures are unlikely to contain a particularly high clay
content. Thus, the presence of eolian sediments covering
the entire area, as suggested by Miller (2010) and Grant
et al. (1997), appears most likely.

Boundary Between Breccia and Postimpact Sediments

As no deep borehole information is available, the
geophysical models cannot be uniquely calibrated with
ground-truth data. The resistivity boundary between Layers
3 and 4 in Figure 3 occurs at a depth of 340 + 30 m in the
central crater. This interface can be interpreted in three
different ways, depending primarily on the assumed
permeability and water saturation. In all three cases, we
assume that no metallogenetic minerals (such as pyrite or
magnetite), which could account for the observed high-
conductivity anomalies, are present within the impact

crater. This is supported by previous rock chemical analyses
(cf. Reimold et al., 1994; Reimold & Miller, 1989). The
upper two layers are most likely composed of eolian
sediments, whereas the composition of the deeper layers is
less constrained, giving rise to three alternative scenarios.

Scenario A

The boundary to Layer 4 at 340 m depth represents
the top of the fractured bedrock, which acts as a hydraulic
barrier. In this scenario, the Roter Kamm impact crater
would be significantly shallower than other craters of
comparable diameter (Grieve, 1987; Pike, 1980). Empirical
relationships for the altitude difference between the crater
rim and the top of the breccia layer, and between the rim
and the top of the bedrock depth, predict significantly
greater bedrock depth for Roter Kamm crater
(Grieve, 1987; Pike, 1980), namely: 360m for rim to
breccia and 680 m for rim to bedrock.

Considering an elevation of the crater rim of 130 m
higher than the surface at the center of the impact crater,
the maximum altitude difference between the rim top and
the top of Layer 4 in the crater center is estimated to be
470 4+ 30 m. This estimate is closer to the estimated rim-
to-breccia altitude difference at the top of Layer 4.
Furthermore, scenario A is contradictory to the previous
findings of Fudali (1973) and Brandt et al. (1998) in terms
of the depth estimations for the sediments and brecciated
material. Therefore, we regard scenario A as unlikely.

Scenario B

The boundary to Layer 4 at 340 m depth reflects the
top of the breccia, which is assumed to be sealed against
water from the postimpact sediments by a barrier of clay.
This scenario aligns more closely with previous geophysical
findings and the general understanding of simple impact
craters. However, the formation of such a clay layer would
require a stagnant water body for many years that is fed by
fluvial supply and associated transport of material. This is
unlikely, taking into account the fact that the Namib Desert
has existed continuously since Middle Miocene times (Senut
& Ségalen, 2014), prior to the formation of the Roter
Kamm crater circa 4-5 million years ago (Hecht et al.,
2008; Koeberl et al., 1993). Moreover, Miller (2008, 2010)
did not find any signs of fluvial activity after crater
formation. Another argument against the existence of a clay
layer above the breccia comes from geophysical and
geological investigations of the Aurus Clay Pan by
Nienhaus et al. (2023), which is located around 10km
northwest of the Roter Kamm crater (see Figure la). The
sediments in this clay pan consist of clays to sands that are
fluvially supplied from a large catchment by irregular rain
events. Their electrical resistivities (p =4.6 Qm) are much
lower than those found inside the Roter Kamm crater.
Hence, scenario B is also regarded as unlikely.
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FIGURES. Schematic representation of the Roter Kamm impact crater along profile P1 (modified after Fudali, 1973; Reimold
& Miller, 1989). (Color figure can be viewed at wileyonlinelibrary.com)

Scenario C

The boundary to Layer 4 at 340 m depth reflects the
top of the breccia, which is assumed to be sealed against
water from the postimpact sediments by a barrier of
cemented calcrete. This hypothesis also requires water to
have been present at an early stage after the formation
of the Roter Kamm impact crater. However, the amount
of water would be much less than for scenario B, as a
cemented calcrete crust does not require a stagnant
water body but can be formed by irregular rain events
and precipitation of calcite from temporary ponds and
pore water. This model is further supported by the
finding of a calcrete crust outside the impact crater
(Grant et al., 1997), although it cannot explain why
calcretization was concentrated at the boundary between
the breccia and the postimpact sediments. Based on
these arguments, we consider scenario C to be the most
likely one.

Consequently, we expanded the conceptual model
presented in Fudali (1973) and Reimold and
Miller (1989) to include the interpretation of the
resistivity models gained from the EM measurements.
As a result, the volume of the postimpact sediments in
the Roter Kamm crater can be estimated to
approximately 0.34km®. The value of 340 +30m for
their maximum thickness is in the same size range as
discussed in previous studies (e.g., Brandt et al., 1998;
Fudali, 1973). The asymmetry along the profile in
the southeast-northwest direction could indicate a
northwesterly impact direction (Elbeshausen &
Wiinnemann, 2011), which agrees well with the assumed
impact direction by Miller (2010). Based on observations
during previous field studies, the rim of the impact crater
is not covered by any sediments (Dietz, 1965;
Fudali, 1973; Reimold & Miller, 1989), which explains
the absence of any conductive anomaly at the crater rim.

Shape of the Roter Kamm Impact Crater

Previous resistivity studies of other impact craters
showed lower resistivities of breccia compared with the
fractured bedrock (Adepelumi et al., 2005; Henkel, 1992;
Unsworth et al., 2002). However, the EM data presented
here do not provide any direct information on the breccia-
to-bedrock boundary. Even the AMT data, which provide
resolution for greater depths, do not resolve any deeper
resistivity interfaces that indicate bedrock. This is
probably due to the presence of the large conductive
anomaly inside Roter Kamm, which reduces the sensitivity
of the AMT method to any underlying structures. Figure 5
shows a sketch (modified after Fudali, 1973, and Reimold
& Miller, 1989) combined with the derived electrical
resistivity values, identified subsurface interfaces, and the
assumed moisture contents. The bedrock surface, as
illustrated in Figure 5, and thus the crater shape, are based
on the study presented in Fudali (1973) and not on the
EM data presented here.

CONCLUSIONS

We present the first electrical resistivity models of the
Roter Kamm impact crater, imaging the extensive
sediment cover and revealing the surface of the impact
breccia above bedrock. Our geophysical model proves the
simple structure of the impact crater. The remarkable
agreement between both applied electromagnetic
methods validates the quality of our data and the
reliability of our results. The breccias of the Roter Kamm
crater are comparatively resistive and indistinguishable
from the bedrock, suggesting that conductive anomalies
primarily reflect postimpact sedimentation and
subsequent hydrogeological processes. These results
highlight the potential of EM methods as a
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supplementary approach to gravimetric and magnetic
studies in impact crater research. The thickness of the
postimpact sediments reaches a maximum depth of
340 + 30 m around the approximate center of the crater.
However, both profiles show a slight asymmetry in the
breccia surface, which is tentatively considered to support
a northwesterly impact direction, as also referred to in
earlier studies. The resistivity structure inside the
sedimentary fill indicates three different layers. Based on
their resistivities, it is likely that Roter Kamm captured
considerable water in the past 4-5 million years. Our
results provide information concerning the thickness and
layering of the sediments in the Roter Kamm crater.
However, only scientific drilling can answer details on
sediment composition and, thus, paleoclimatic conditions
that have controlled the environmental setting and the
types of sediments deposited.
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