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Abstract: We present a case study of a bog showing how an integrated approach of multi-method
geophysical sounding and local soil sampling can be used to identify, differentiate, and map organic
sediments. Our study is based on ground-penetrating radar (GPR), electrical resistivity tomography
(ERT) and shear-wave seismic (SH seismic) profiling applied to sediments of the former Lake
Duvensee (northern Germany), nowadays a bog. This is a well-known locality for remains from the
Mesolithic hunter-gatherers’ occupation that has been attracting archaeological and geoarchaeological
research for100 years. The bog is embedded in low conductive glacial sand and is characterized
by layers of different gyttja sediments (detritus and calcareous). The present study was conducted
in order to identify the bog morphology and the thickness of the peat body and lake sediments,
in order to understand the basin evolution. To validate the geophysical results, derived from surface
measurements, drilling, soil analyses as well as borehole guided wave analysis of electromagnetic
waves and Direct-Push (DP-EC) have been carried out and used for comparison. It turned out that
each method can distinguish between sediments that differ in grain size, particularly between peat,
lake sediments (gyttjas and mud) and basal glacial sand deposits. GPR is even able to separate
between strongly and weakly decomposed peat layers, which is also clear considering resistivity
variations in the ERT computation. From the association between geophysical properties and sediment
analysis (e.g., water content and organic matter) different gyttjas were distinguished (coarse and fine)
and seismic velocity was correlated to bulk density. Moreover, GPR and SH-wave seismics present
different resolutions, confirming that the latter allows measurements, which are more focused on
determining the extension of basal sand deposits, the depth of which is difficult to reach with GPR.
Representative values of electrical resistivity, dielectric permittivity, and shear wave velocity have
been determined for each sediment type and are therefore available to complete the investigation
of wetland environments. Fine grained lake sediments were difficult to differentiate by the applied
methods. This could be a result of high ionic concentration within the permanent groundwater body,
partly masking the sediment properties.
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1. Introduction

From prehistoric to historic times, floodplain margins, lake shorelines and coasts have been
preferential settlement areas. Sites with water access provided favourable conditions for human
activity and habitats [1–3]. Therefore, wetland margins are important zones in archaeological and
geoarchaeological research [4,5], despite the often difficult exploration conditions, e.g., water logging
or the groundwater impact [6]. The palaeoenvironmental reconstruction of wetland development
depends critically on knowledge of the peatland stratigraphy, including the thickness and distribution
of the peat deposit, within-peat layering, and the underlying lake sediments (gyttjas).

Peat forms through the accumulation of partially decomposed plant biomass in fens, bogs, and
swamps [7]. The physical properties of any sediment are dependent to a large degree on porosity
and pore-size distribution, which in turn are related to particle-size distribution. In peat, particle
size and structure and the resulting porosity are controlled primarily by the degree of decomposition.
Undecomposed peats contain many large pores, highly irregular and interconnected, that permit water
movements. Highly decomposed peat contains smaller open pores, and also those pores that are
closed or partially closed [8,9]. Peat is thus a dual-porosity medium that includes a ‘mobile region’
through which water moves relatively easily, and an ‘immobile region’ with negligible fluid flow
velocity [10]. It is also a sedentary deposit, which means that the degree of decomposition generally
increases with depth below the ground surface, while the geometric mean pore diameter and active
porosity simultaneously decrease [10,11]. Peat is a highly compressible material [12], and this property
is also controlled by the structure and arrangement of its pores [13], factors that are largely controlled
by the degree of decomposition [12]. Decomposed peat at greater depths typically shows lower active
porosity and compressibility. Within the peat deposits, the degree of decomposition has an influence,
too, organic matter content decreases and bulk density increases with the degree of decomposition [14].

Gyttja sediments are layers with varying organic matter content that developed in low-energy
subaqueous environments. The term ‘gyttja’ was introduced by [15] as a combination of organic and
inorganic materials precipitated from a lake water column via biogeochemical processes. Organic
matter that originates from aquatic life within the lake and input from the lake catchment accumulates
at the sediment–water interface when its specific weight exceeds that of water. In a fresh state, gyttjas
are very soft and hydrous. Organic gyttja often shows a dark greenish-gray to black color depending
on the organic matter content. Calcareous gyttja is of rather a yellowish to pink color. Detritus gyttja
appears similar to decomposed peat because it contains plant remains, still encased in a predominantly
fine and rather elastic matrix; the fine lake sediments appear instead to have similar physical properties
like clay deposits (e.g., grain size of silt and clay, and high ionic concentration of the pore water,
which creates high conductivities such as those of clay minerals) [16].Depending on the sedimentary
environment, gyttjas can vary in their organic matter content and may thus be predominantly mineral
or organic deposits [17,18]. The proportion of mineral and organic matter contents influences the
mechanical and hydrological properties of gyttja sediments [19].

Geoarchaeological investigations of peatland stratigraphy require integrated multidisciplinary
approaches on varying scales, including surveys and geophysical prospecting, as well as medium-,
small- and micro-scale drilling campaigns and excavations, to ground truth the results [20–22].
Drilling provides detailed information about the vertical stratigraphy, but usually with a low spatial
resolution due to the time-consuming character of this method. Additionally, inter-drilling point
sections have to be interpolated, resulting in an unknown uncertainty about small-scale changes in the
stratigraphy. This disadvantage can be improved by combining drilling with non-invasive geophysical
methods, ground-penetrating radar (GPR), electrical resistivity tomography (ERT) and S-wave seismics,
which allow a laterally continuous mapping of the lithological change [23,24].
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Numerous studies have been carried out in different bogs and peatlands showing the potential of
wetland geophysics. However, there is still some scepticism about the usefulness of this discipline [25]
with regard to the variability of exploration conditions. Ground-penetrating radar (GPR) has been
widely used to analyze peat deposits due the low electrical conductivity of the peat [20,26–31], which
allows for a large penetration depth. Moreover, the change in water content with respect to the mineral
sediment provides strong reflections for excellent geophysical imaging [32]. Several studies [33–35]
give tables of dielectric permittivity for a range of sediment types and other materials (summarized
here in Appendix A). They show that the permittivity values have large ranges, especially for wetland
sediments. The authors of [25] review the outcome of different case studies in wetland sediments,
showing that dielectric permittivity can be highly variable if not waterlogged. The boundary between
the peat and the underlying mineral sediment is identifiable because of the sharp reduction in the
volumetric water content between the peat and the mineral soil below (e.g., [11,16,28,36]). GPR profiles
within peat often showed patterns of reflections [27] and suggested that these reflections strongly
match variations in peat moisture content. The authors of [11,26,28] could thus identify the boundary
between uppermost poorly decomposed peat (“acrotelm”) and underlying well-decomposed peat
(“catotelm”).

The success of detecting such interfaces depends on the dielectric contrast between the different
layers and is thus site-specific. The same is observed if we consider the interfaces between peat and
gyttja layers. The authors of [16], for instance, illustrated a distinction between peat and organic
gyttja layer, whereas [37] could not. Gyttja deposits show variable bulk density depending on their
organic matter content [38], thus the dielectric properties broadly differ too. Therefore, gyttja was often
not further differentiated and it is difficult to decide whether different gyttja layers were detected or
not [18].The electrical conductivity depends linearly on the concentration of total dissolved solids in
the peat pore waters. The authors of [27] found that the ionic concentration, and thus the electrical
conductivity, increases linearly from the surface to basement for peat deposits. High fluid electrical
conductivity in peat, or a high percentage of clayish sediments in the mineral soil, can excessively
attenuate radar wave propagation, reducing the depth of penetration in peat and usually prevent
recording of reflections from below the mineral soil contact underlying peat bogs [20,27].

Geoelectric measurements are less common in wetlands but have become an important tool
for geoarchaeology. Electrical conductivity is the inverse of electrical resistivity and former studies
have demonstrated that peat is chargeable, attributed to the high surface-charge density of partially
decomposed organic matter [28,39].The electric conductivity depends strongly on temperature, which
differs seasonally, and on whether samples are measured in the field or in the laboratory [27,40].
ERT can assist peatland studies as it can provide stratigraphic information from beneath the mineral soil
contact [27,28]. However, little is known so far about the relationship between electrical conductivity
and peat properties under different site conditions. The authors of [16,18,41] found that the total
amount of solutes in the pore fluid and the cation exchange capacity are the properties that determine
electrical conductivity of poorly decomposed Sphagnum peat. Moreover, the authors claim that water
content and cation exchange capacity are mainly correlated with electrical conductivity.

The application of seismics for geoarchaeological research is not widespread but has lately been
intensified due to exemplary results [23,42–48]. SH-wave seismics are directly sensitive to the rigidity of
soil layers and are capable of resolving stratigraphic interfaces at much larger depths than GPR [42,49].
SH-wave sounding can identify and differentiate soft soils such as fine-grained lake sediments or
swampy organic deposits [23], which are characterized by slow seismic velocities.

We present a multi-method geophysical survey at the Duvensee palaeolake in south eastern
Schleswig-Holstein, northern Germany, which is well known for Early Mesolithic hunter-gatherer
archaeology on the Northern European Plain [50].

Our study has three major objectives:

1. To identify and continuously map the main stratigraphic units that fill the ancient Lake Duvensee
to facilitate an understanding of the basin evolution. For this purpose, we combined sampling by
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drilling with ground-penetrating radar (GPR), electric resistivity tomography (ERT), and seismic
sounding with shear waves (SH-waves seismic).

2. To evaluate the suitability of GPR, ERT and SH-wave seismic to detect peat properties, paying
attention to the identification of different gyttja layers.

3. To determine the conditions under which peat and gyttja layers can be identified and
distinguished in terms of geophysical parameters, particularly resistivity, shear wave velocity
and dielectric permittivity.

The geophysical results are presented for each method and compared with the stratigraphy
from the drilling to ground truth measurements. Moreover, sediment properties (i.e., degree of
decomposition, water content, ion concentration) of the main sediment types (peat, gyttja, silty clay
and sand) are discussed together with electrical resistivity, SH-wave velocities and electromagnetic
wave velocity variations, to validate the geophysical results. The presented geophysical surveys
contribute to understanding wetland archaeology focusing on how to combine methods to get
more information on the stratigraphy. Moreover, the possibility of separating strongly from weakly
degraded peat would be extremely helpful for the archaeological research to evaluate the preservation
conditions of archaeologically relevant layers, which might direct further investigations. Only few of
previous surveys of wetlands employed more than one technique to the same area, making it hard to
comparatively evaluate the results produced. Our case study shows the benefits of using multiple
techniques, and the key role ground-truthing plays.

2. Area of Investigation and Landscape Development

The ancient Lake Duvensee in Schleswig-Holstein (northern Germany) is one of the prime locations
in northern Europe for early Holocene archaeological research. The ancient lakebed was formed during
the older Dryas as a dead-ice hole left by the retreating Fennoscandian ice sheet [51]. Past stratigraphic
investigations revealed a complex basin topography, characterized by numerous deeps and sand
banks [52], which were used by Early Mesolithic hunter-gatherer groups to establish temporary camps.
The gradual infilling of the basin led to the disappearance of the former lake, and, by the 19th century
CE, most of the basin was occupied by a bog.

The sediment succession near the shorelines generally exhibits a gradual shallowing of the
depositional environment. The majority of the deposits are typical lake sediments, such as calcareous
gyttja, algal gyttja and coarse detrital gyttja. The sediment cores have shown that, in spite of similar
depositional conditions, strong lateral variations in sediment facies are present. The complicated
alterations observed in the drilling attest to multiple changes in lake level [52]. This area has been the
subject of archaeological research for almost 100 years, showing the presence of 23 different locations
of Early Mesolithic hunter-gatherer groups and Neolithic farmers. Based on GPR sounding, [31]
developed a 3D model of the Duvensse bog and its stratigraphy, including five islands, which
emerged from the retreating water over time, making them suitable for Mesolithic camps. These results
confirmed and complemented previous archaeological surveys [53]. The estimated emergence times of
the mapped islands agree with the spatio-temporal pattern of the previous archaeological finds [53].

Coherent overviews of the research at ancient Lake Duvensee have been given by [50,53,54].
The area has also been the subject of different geophysical campaigns aimed at improving the knowledge
regarding the evolution of the basin. After a large-scale GPR survey carried out in November 2016,
more detailed geophysical measurements have been conducted focusing on a small scale. For ground
truthing the stratigraphy of the basin, a reference profile has been chosen, and different geophysical
measurements have been applied between 2018 and 2019 (Figure 1, see also [31]). Work at Duvensee,
particulalry the results of GPR and coring surveys, has been described in detail in [31], and is only
briefly summarized here (see Section 4.2).
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survey made in November 2016. The measurement details and the processing steps are described in 
[31]. The reflections associated with the main layers visible in the cores (basal sands, fine minerogenic 
sediments, fine and coarse organic deposits) have been recognized and picked using the Kingdom 
IHS Software. The conversion from time to depth was made using the corresponding velocity values 
derived from CMP (common-midpoint) measurements (see [31]). 
  

Figure 1. Area of investigation including geophysical and coring surveys; (a) the location of ancient
Lake Duvensee; (b) geophysical measurements, corings and Direct-Push done in the area of interest
(color coded dots).

3. Methodology

3.1. Ground-Penetrating Radar (GPR)

3.1.1. GPR Surface Profiling

The GPR system consists of a transmitting and a receiving antenna. The former emits an
electrmagnetic wave and the latter detects the transmitted wave, which is partially reflected in the
subsurface at interfaces [33]. The propagation of a radar signal depends on the dielectric permittivity
(εr), which controls the propagation velocity and reflection strengths, and the electrical conductivity
(σ), which mainly influences the signal attenuation. The signal strength and center frequency of radar
signals decrease during wave propagation due to energy absorption (e.g., [55]). High water content
and clayish-loamy sediments, for instance, strongly attenuate the radar signal and reduce the depth of
investigation [33].

A GSSI GPR Antenna with 200 MHz frequency was used to perform common offset data acquisition
in the Duvensee area. The presented profile (50 m long, blue line in Figure 1) is part of a survey
made in November 2016. The measurement details and the processing steps are described in [31].
The reflections associated with the main layers visible in the cores (basal sands, fine minerogenic
sediments, fine and coarse organic deposits) have been recognized and picked using the Kingdom
IHS Software. The conversion from time to depth was made using the corresponding velocity values
derived from CMP (common-midpoint) measurements (see [31]).

3.1.2. GPR Downhole Profiling Using Guided Waves

An innovative way of measuring radar wave velocities at depth is the use of guided waves
in a borehole [56], (Figure 2a). This method yields a continuous record of velocity with a regular
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downhole spacing of a few cm. In contrast to the familiar CMP-velocity sounding, it is applicable
not only to reflecting horizons, but also to gradual velocity changes. Using the same principle as
TDR (time domain reflectometry) sondes, the measurement technique uses a steel rod, which is
pressed or hammered stepwise into the ground. It serves as a wave guide for the electromagnetic
waves emitted by a regular GPR antenna placed next to the rod at the earth’s surface. The waves
travel vertically along the waveguide and are reflected at its lower end. Through knowledge of the
waveguide’s depth, velocities in each depth interval can be calculated and converted into permittivity
values. The innovative technique applied here was developed by the Leibniz Institute for Applied
Geophysics [56]. The velocity of the guided wave depends on the permittivity of the investigated
deposits, which is strongly influenced by the water content. The two-way traveltime of the reflected
wave at different waveguide depths is picked and can be used to calculate interval velocities. We
lowered the metal rod into the ground by hammering and recording a GPR trace every 10 cm. The
travel times of the reflection at the lower waveguide end were picked and the GPR velocities were
calculated. This technique was applied at the three locations of the corings (pink dots in Figure 1).
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Figure 2. (a) Guided ground-penetrating radar (GPR) wave setup with a 400 MHz antenna on
the ground surface and waveguide lowered by hammering; (b) Direct-Push (DP-EC) equipment;
(c) laboratory measurements of the resistivity along the cores.

3.2. Geoelectric Profiling

3.2.1. Electrical Resistivity Tomography (ERT)

A geoelectric measurement is made with a set of four electrodes, the current flows between the
two outer electrodes and the potential difference is measured between the two inner ones. Electrode
spacing and penetration depth increases during the survey until the maximum spacing is reached,
which provides the deepest resistivity information [57].

Geoelectric measurements were conducted using a PC-controlled DC resistivity meter system
RESECS (Geoserve) with 96 electrodes. The electrode spacing was 0.5 m (total length of the
profile 47.5 m, yellow line in Figure 1) and we measured Dipole-Dipole and Wenner-Alpha arrays.
Electrode locations were determined by a Differential GPS (Leica Geosystems AG, Heerbrugg,
Switzerland). The inversion was carried out in 2D by applying BERT (Boundless Electrical Resistivity
Tomography [58]), a finite-element (FE) inversion software. The starting model is made up using a
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homogeneous resistivity value of 29.84 Ωm. A regularization parameter of λ = 20 was applied in the
standard inversion, that was selected based on the L-curve method (L2-NORM) [59].

The quality of the fit of the resulting electrical resistivity model is given by the RRMS (relative root
mean square) deviation between measured and modelled data (in %) and by the chi-squared misfit.
The authors of [58] state that chi-squared values of one to five show that results are statistically reliable,
meaning that the data are neither overfitted nor underfitted.

3.2.2. Vertical Electric Profiling Using Direct-Push

Direct-Push (DP-EC) logging was conducted using a Geoprobe SC520 soil conductivity probe [60],
Figure 2b. The probe is composed of four electrodes in linear arrangements and was operated in a
Wenner array enabling a vertical resolution of 0.02 m (www.geoprobe.com; [60,61]). The electric current
and voltage are constantly measured with depth and used for the calculation of electric conductivity in
mS/m [62]. This equipment was used to measure at the location of core I.4 (orange dot in Figure 1) and
the values have been compared also with the measurements carried out in the laboratory.

3.2.3. Electric Resistivity Measurements on Drill Cores

In the laboratory, the electric resistivity of drill core segments was measured using an earth
resistivity meter connected with four electrodes in Wenner-Alpha configuration (5 mm long and 5 mm
distant with a diameter of 1 mm, Figure 2c). The quadrupole was inserted into the sediment, ensuring
the contact between the electrodes and the ground. The surface contact area of the electrodes is
about1 mm2.Due to the varying sediment conditions, the electrodes had different penetration depths
in different layers. This was compensated by applying correspondingly varying geometry factors
considering that the electrodes are nearly punctiform. We measured on each core with 5 cm point
spacing and compared the measured values with Direct-Push and ERT.

3.3. Seismic Sounding with Shear (SH) Waves

3.3.1. Motivation of Applying SH-Waves in Geoarchaeology

Reflection seismics deals with the use of seismic waves, which reflect at geological interfaces
separating layers with different seismic impedance (the product of density and seismic wave velocity).
The propagation velocities of seismic waves (P- and S-waves) depend on subsurface composition, fabric,
effective ambient pressure and temperature. S-waves are more suitable for near-surface applications in
unconsolidated sediments because the propagation velocities are much slower than P-wave velocities,
enabling the imaging of geological and archaeological structures with a higher spatial resolution
(e.g., [63]). The second aspect is that S-wave velocity and reflection strength are only very slightly
influenced by water saturation. Therefore, S-wave velocities often can be more directly correlated
with stratigraphy than P-wave velocities. In general, P- and S-waves are coupled due to conversions
at interfaces. For 1D layered media, the S-wave is decoupled from the P-wave if the polarization of
the S-wave is purely horizontal. In this case, we call the S-wave “SH-wave”. No conversion from
S- to P-wave and viceversa occurs. The decoupling of the S-wave is also valid for 2D media if the
horizontal polarization is in the strike direction of the 2D media. For investigating the subsurface
structure at Duvensee, we applied seismic reflection imaging and seismic traveltime tomography,
which are explained in the subsections below.

We conducted a seismic profile, which was oriented in the dip direction of the local
underground [31]. We excited S-waves by horizontal hammer blows against a steel bar, which was
coupled to the ground by steel spikes. The blow direction was perpendicular to the profile, i.e., in the
strike direction of the local underground. Therefore, the excited S-waves were SH-waves. The data
were recorded with three Geometrix Geode seismographs, equipped with horizontal geophones.
The orientation of the geophones was also perpendicular to the profile. Detailed information about the
spacing, geometry and setup of the seismic profile can be found in Table S2. To convert seismograms

www.geoprobe.com
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into seismic reflection images showing depth sections of the stratigraphy, we use digital amplitude
processing (called common-midpoint (CMP) processing) and seismic migration. The theory and
analysis of seismic reflection data is well documented (e.g., [64]).

3.3.2. Seismic Refraction Tomography

In contrast to reflection seismics, refraction seismics data interpretation aims at determining the
spatial distribution of seismic wave velocity as a characteristic of the sediment type. This is executed
by analyzing the arrival times of critically refracted waves.

The ratio of the seismic velocity of the layers above and below the refracting interface affects the
refraction effect, whilst critically refracted waves only appear if the below layer has a higher velocity
than all layers above (in this case, this base is formed by sands).Seismic refraction interpretation
requires the identification of refracted arrivals in the seismograms, first arrivals mostly, and the picking
of their traveltimes. As a first step, a smooth seismic velocity model of the subsurface has to be
derived. This model serves as the reference starting model for a 2D tomographic inversion computation.
The result of the refraction tomography is a 2D distribution of the wave velocities representing a depth
section underneath the profile line.

For traveltime picking, we used the interactive analysis tool PASTEUP for wide-angle seismic
data [65]. The tomographic inversion software Tomo2D [66] was used to derive the S-wave
velocity model.

Tomo2D uses a combination of the graphs method and binding method to calculate the ray paths
and synthetic travel times. The global difference between observed and synthetic travel times is
inverted for velocity perturbation in the underground by solving the linear equation system with a
least squares solver. Smoothness constraints and a regularization factor are used [66] to stabilize the
inversion. Due to the non-linear nature of the tomographic problem, the difference between observed
and synthetic travel times are minimized by iteratively updating the underground velocity model.
The applied processing steps are reported in Appendix B.

3.3.3. Seismic Reflection Imaging

The vertical resolution of seismic measurements can be defined as the ability to distinguish between
two reflection signals. It represents the distance between two interfaces as separate reflectors, and it is
generally determined as a quarter of the dominant wavelength (Rayleigh’s criterion). The acquired data
cover a frequency band from 6 to 100 Hz. The seismic data were processed with the VISTA software
(https://www.software.slb.com). The observed surface wave (Love wave) is strong. After removing
noisy traces, we limited our data to offset smaller than 1 m to ensure that we observe only under critical
reflections and therefore no Love waves. We applied filters to enhance the reflections. To compensate
the amplitude decay due to the geometrical spreading, an analytic amplitude gain (linear in time)
was applied. The velocity model derived in the tomography was used to determine the rms velocity
model needed for the Normal-Move-Out (NMO) correction. It was also used for the finite difference
migration and for the conversion of the seismic image from time to depth.

Table S4 reports the acquisition parameters (left) and the processing flow with associated
parameters (right) used for the seismic measurements and processing at Duvensee. A comparison
between the raw and processed data is shown in Figure S1.

3.4. Acquisition of Stratigraphic Data by Drilling and Laboratory Analyses

Corings were conducted using an Usinger piston corer [67], proceeding with 1 m depth increments
along a 50 m long transect (blue and green dots in Figure 1), which has been taken as a reference profile.
The stratigraphy was described in the laboratory. Moreover, the reconstruction of the transect and a
brief description of the main stratigraphic units is given in [31]. Following this, standard laboratory
analysis on sediments was carried out:

https://www.software.slb.com
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1. Water content and bulk density of the sediment samples were determined gravimetrically on
small volumetric samples (ca. 2 cm3) after drying the sediment at 105 ◦C. The sediment of the
remainder of the cores was air dried (35 ◦C), carefully disintegrated with mortar and pestle and
sieved through a 2 mm mesh sieve before additional analysis.

2. Grain size distribution analysis (<2 mm) was carried out for the sediment of the cores except of
the peat layers. After the removal of soil organic matter (H2O2, 70 ◦C) and carbonates (acetic
acid buffer, 70 ◦C, pH 4.8), the sand fractions of the sediment were separated by sieving through
meshes of 630, 200, and 63 µm. The silt fractions (2–6.3, 6.3–20, 20–63 µm) and the clay (<2 µm)
were separated by sedimentation in Atterberg cylinders.

3. The magnetic susceptibility was measured on 10 mL samples (<2 mm fraction) using a Bartington
MS2B susceptibility meter (resolution 2 × 10−6 SI, measuring range 1–9999 × 10−5 SI, systematic
error 10%). Measurements were carried out at a low (0.465 kHz) frequency. A 1% Fe3O4

(magnetite) was measured regularly to check for drift and calibrate the results. Mass-specific
susceptibilities were calculated [68].

4. Loss on Ignition (LOI) values were measured as estimates of the organic matter and carbonate
contents of the sediments [69]. After drying the samples at 105 ◦C overnight, the weight loss of
the samples was determined after heating times of 2 h at 550 and 940 ◦C each.

5. Total elemental contents were mesasured on selected samples using a NITON XL3t 900 ped-xrf
analyser following the instructions of [70].

6. Electrical conductivity of the pore water was determined on the water that sublimated during
freeze drying of core samples. Samples were dried separately, and, after the thawing of the ice
that formed on the condensator of the freeze dryer, the electrical conductivity of the pore water
was measured using a conductivity meter of FA. WTW in µS/cm.

Given the small sample size (half sediment cores of 55 mm diameter), no replicate measurements
were possible.

An important remark is needed at this point: coring operations proceeded at 1 m increments in
depth. However, the uppermost segments of the cores are sometimes shorter than 1 m. This discrepancy
results from sediment compression produced by the extrusion of the sediment out of the Usinger corer
barrel. Notably, these compression issues appear to affect only organic layers (peat in particular) in the
first meter below the surface. Sedimentary units with a distinct minerogenic or calcareous component
are only marginally affected. Understandably, sediment compression affects the measurements of
stratigraphic transitions and the estimation of the compression is important also for ground truthing.

4. Results

In the following section, we first show the results by methods starting with the laboratory analysis
of cores I.2bis and I.4 and continuing with field GPR, ERT and SH-wave seismic. At the end of the
section, we compare and evaluate the results of the different approaches showing their connection for
the ancient basin evolution.

4.1. ElectricalResistivity and Sediment Properties

The results of the laboratory analysis of core I.2bis and I.4 are shown in Figure 3a,b, respectively.
An overview of all cores extracted along the 50 m transect (color coded dots in Figure 1) and their
stratigraphy can be found in [31]. The sediment properties that are shown are grain size, Loss on
Ignition (LOI), water content, resistivity, and bulk density.

Underneath the organic layers, core I.2bis shows an increase in grain size between 1 and 1.7 m
of depth, indicating a change from silty sediments to sands at the bottom of the core. The organic
matter and water content are high (~80%) from the top of the core up to 1.2 m of depth. Underneath,
the organic portion decreases and a corresponding increase in the bulk density occurs (~1.5 g/cm3).
This boundary indicates the transition between fine sediments and sands. The electric resistivity shows
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higher values from the top of the core down to 0.5 m of depth (~50 Ωm), where a decrease in these
values down to ~1 m (~15 Ωm) occurs, too. Below 1 m, the resistivity increases again, presenting local
variations (~35 Ωm). Based on electric resistivity, the following transitions between sediment types can
be identified: the peat on top can be separated from the fine organic mud and silty to clayish-loamy
sediments underneath. The second increase in the resistivity corresponds to the presence of sand at the
bottom of the core. Focusing on the peat layer, an increase and a decrease (between 0.3 m and 0.6 m)
inthe resistivity is visible, which can be correlated with a different degree of humification [71].
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Core I.4 (Figure 3b) provides information down to a depth of 4 m. The grain size distribution
shows a high amount of clay in the fine organic gyttja layer between 1.5 and 1.8 m. Below 1.8 m,
the grain size becomes dominated by silt, and below 3.7 m by higher amounts of sand. The organic
matter (~90%) and water content (~80%) decrease from the top of the section down to ~2 m depth
with little variations due to the presence of plant remains and wood. The carbonate content increases
between 1.8 and 2.5 m (~30%), indicating the deposition of a calcareous gyttja. Below 2.5 m, a decrease
inboth components occurs (~10% for organic matter and ~30% for water content) and an increase inthe
bulk density (~1–2 g/cm3) is visible, which is associated with the presence of a silty minerogenic mud.

The resistivity values resulting from the Direct-Push measurements show variations that are
correlated with different sediment transitions. A first decrease happens between ~0.4 and 1 m
depth(from ~40 down to ~20 Ωm) indicating a change in the peat degradation. Between 1.0 and
1.3 m, the values are constant indicating coarse detritus gyttja (~20 Ωm). Between 1.3 and ~ 2 m,
the values show little variability, indicating internal changes in gyttjabut making it difficult to pinpoint
exact transition depths. Below 2.0 m, the resistivity is constant (~25 Ωm) due to the silty minerogenic
deposit, and it shows again an increase at ~3.4 m (>40 Ωm) of depth, correlated to the presence of
sandy sediments.

In summary, we can recognize that the peat deposit thickens northwards to the deeper part of
the basin, from 0.5 m at the south end to a maximum depth of~1.20 m. The water content is nearly
constant, between 80% and 90% and heterogeneities are marked by small decreases. The organic matter
content is ~90% with some changes probably caused by the presence of wood remains. An increase
inthe bulk density associated with a decrease in the organic matter is also present. The resistivity
increases from the top to ~0.4 m depth presenting values between 50 and 60 Ωm, which probably
correspond with the poorly decomposed peat. Below this horizon, the resistivity decreases down
to 20 Ωm, defining the strongly degraded portion of the peat. The electrical conductivity of the
pore water showed a clear gradient. Whereas, in the peat, the values are lower (55 cm–42.3 µS/cm,
65 cm–80.6 mS/cm), there is an increase towards the detritus gyttja (155 cm–254 µS/cm), and even
higher values in the calcareous gyttja (220 cm–522.9 µS/cm) and the silty detritus gyttja at the base of
the sediment sequence (330 cm–434.6 µS/cm). This might reflect the lowering of the groundwater level
in recent times, conducted to make the site agriculturally usable (meadow).

4.2. Ground Penetrating Radar

4.2.1. Stratigraphy from GPR Reflection Profiling

In a previous study, we showed that the major stratigraphic units can be traced over the whole
63 ha area of the Duvensee bog by combining drill core analysis and GPR profiling [31]. Three major
stratigraphic interfaces showed up as continuous reflections (Figure 4a), which turned out to be caused
by changes in grain size of the main sediments. The main units visible in the stratigraphy (Figure 3) are
peat (pedogenized peat and decomposed peat), detritus gyttja (coarse, fine, and elastic detritus gyttja),
calcareous gyttja, organic mud, minerogenic mud and sand sediments. Therefore, the presented model
in [31] consists of four layers separated by the following three main interfaces (from top to bottom):

• Interface1 represents the transition between the coarse organic sediments (peat and coarse detritus
gyttja) at the surface and the underlying fine organic sediments (i.e., fine detritus gyttja, calcareous
gyttja);

• Interface2 describes the transition between fine organic sediments and underlying clayish-loamy
deposits in the bottom of the previous lake;

• Interface3 marks the transition between the clayish-loamy layer and the basal sand deposits.

In between these major interfaces, sequences of internal reflections are visible, which are partly
higher, partly lower in amplitude than the reflections from the main boundaries. From the surface
down to ~0.7 m of depth, we notice clear sub-horizontal reflections that are locally interrupted. Below
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0.7 m, discontinuous, patchy sets of dipping internal reflection elements occur. An interpretation of
these features is shown in form of a line drawing in Figure 4b, where the shallow continuous and
deeper patchy internal reflections are indicated with black and dark red colors, respectively.
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Figure 4. GPR results for the reference profile. (a) GPR profile including the recognized interfaces
(after [31]); (b) GPR profile with interpretation of the visible reflections, the black lines indicate
stronger-amplitude reflections, and the dark red lines indicate the reflections with a lower amplitude;
(c) focus on core I.2bis together with GPR; (d) focus on core I.10 together with GPR. In all cores,
the compression of the peat layer has been reconstructed using the depth of the GPR reflections;
(e) estimation of the peat compaction caused by the drilling process. The original layer thicknesses were
determined from the travel times of GPR reflections, which were then compared with the compacted
thicknesses measured after the extrusion on the drill core. The error interval due to the uncertainty
from the GPR velocity determination is reported, too.

The sets of strong sub-h reflections (black lines in Figure 4b) seem to be confined to the uppermost
layer. The inspection of drill cores suggests that these reflections are caused by the transition
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between the uppermost weakly decomposed peat, showing the highest porosity, and the underlying
well-decomposed peat showing lower porosity. The weak internal reflections of the gyttja layer
(between interfaces 1 and 2, dark red lines in Figure 4b) do neither follow a clear trend in dipping,
nor do they correlate systematically with visible sedimentary changes in the drill cores. Therefore,
they have to be considered as scattering caused by small-scale variations in sediment composition
originating from the heterogeneity of the deposition, degradation processes and the decomposed
organic material.

The internal reflections of the clayish-silty layer 3 basically follow Interfaces2 and 3. The lateral
continuity of these reflections indicate that the deposition of layer 3 proceeded more continuously than
the deposition of layer 2.

As reported in Section 4.1, the peat water content is usually >80%, which strongly influences
the propagation velocity of radar waves and limits their sounding depth to a few meters, in our
case due to attenuation (e.g., [72]). Using CMP measurements together with the stratigraphic depths
from the corings [31], we defined an average interval velocity and its standard deviation for each
main layer: v1 = 0.045 ± 0.005 m/ns for coarse organic sediments (peat and coarse detritus gyttja),
v2 = 0.039 ± 0.003 m/ns for the fine organic sediments (fine detritus gyttja and calcareous detritus
gyttja), v3 = 0.037 ± 0.003 m/ns for the clayish-loamy layer. We noticed that, close to the surface, the
velocity shows values of ~0.049 m/ns, while, in the deeper humified peat, the velocity is ~0.041 m/ns
due to the high variability of the water content in the peat sediments. The change in velocities between
the gyttja sediments and silty deposits is very small; therefore, the interface reflection of these sediments
(Interface2) is weaker than the peak reflection (Interface1). The gyttja layer (between Interface1 and
Interface2) shows internal layering of fine detritus gyttja and calcareous gyttja. However, it was not
possible to differentiate between these units in terms of radar velocity given the general uncertainty of
the CMP measurements. Still, there must be internal velocity variation, as indicated by the sporadic
internal reflections. To evaluate it, more refined methods such as full waveform inversion or downhole
measurements have to be applied. In this regard, we tested the guided wave technique to improve the
velocity determination (see next section). According to the quarter-wavelength criterion, the resolution
of the GPR reflection images is about 5 to 8 cm in layer thickness, which means that the different gyttja
layers can be distinguished if they exhibit sufficient permittivity contrast and thickness [31].

As explained in Section 3, the compressibility of peat depends mainly on the degree of
decomposition. Figure 4c,d show the results of the GPR measurements and an estimation of the
compaction for the first meter of the profile after extraction. Referring to [73], we can basically recognize
three different degrees of decomposition starting from the top:

(1) Pedogenized peat (vermulmter Torf) visible in the first 10 cm (P1 in Figure 4c,d);
(2) Grounded peat (vererdeter Torf) carrying a crumb structure and locally roots, usually concentrated

between 10 and 40 cm (P2 in Figure 4c,d);
(3) Strongly decomposed peat, below 40 cm, (stark zersetzter Torf) with a fine grain structure and

wood remains in it (P3 in Figure 4c,d).

Due to the weakness of the matrix, peat layers get seriously compacted if they are sampled by
drilling. As a side-product of the GPR investigation, this artificial compaction can be assessed based
on the visible reflections and the radar wave velocities of the layers.

Figure 4e shows the results of the compaction estimation regarding the first meter of the corings.
The shallower peat (P1 and P2) shows a compaction range from ~40.5 to ~70% referring to (P1), from
~35 to ~50% considering (P2), while the highly decomposed peat (P3) shows an average compaction of
~30%. According to the theory (Section 3), the compaction rate decreases from the top to the bottom of
the peat layer considering different degrees of decomposition. Indeed, the high porosity of the top
layer creates a higher compaction.
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4.2.2. Guided Radar Waves

In this section, we report the results of the guided wave measurements at the location of core
I.8.The red line in the wiggle plot (Figure 5) indicates the guided wave arrival, which delivered the
velocities listed in the corresponding table in Figure 5. The radar velocity decreases with depth almost
continuously with some local change. Focusing on the peat layer, we can notice a higher variation
compared with the gyttja sediments underneath, confirming the high variability of peat properties.
The gyttjas show instead a smaller variation of the velocity. The resulting average velocity associated
with the peat layer is~0.042 ± 0.003 m/ns, which can be well correlated with v1 as determined from
CMP velocity analysis (Section 4.2.1). The same applies for the gyttja, which shows an average velocity
of ~0.037 ± 0.002 m/ns consistent with v2 (Section 4.2.1). This high-resolution test, focused on the
determination of the GPR velocity, delivered results that are consistent with the CMP measurements
carried out in the same area [31], allowing for the identification of small-scale permittivity variations,
which can be correlated with local small and weaker reflections, as reported in Section 4.2.1. Below 70 ns,
no arrivals are visible and, therefore, it was not possible to determine the velocity associated with
calcareous gyttja and clayish-loamy gyttja. The test at location I.1 was able to deliver the GPR velocity
of the sand because the deposit is located already at 0.5 m depth (v4 = 0.068 ± 0.004 m/ns), which is
consistent with the values of wet sand in the literature (Appendix A). The high water content and
the presence of the water table can attenuate the radar waves and make the determination of further
reflections very difficult.
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4.3. Electrical Resistivity Tomography

The tomographic inversion of the geoelectric data delivered the electric resistivity model shown
in Figure 6. The tomographic computation converged after two iterations showing RMS residuals
of 1 to 2.5%. In correspondence to the drilling results three major units can be identified in the ERT
model. A uniformly resistive upper layer is visible with a maximum resistivity range of ~60 to 90 Ωm,
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underlain by a conductive unit of varying thickness (resistivity range ~ 20–35 Ωm). Below this layer, a
higher resistive unit of varying thickness is found (resistivity range ~35–50 Ωm).
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The upper resistive layer correlates well with the peat deposits confirmed from corings.
The relatively high resistivity of the peat is attributed to the low ionic concentration of the peat
pore water. The underlying conductive layer incorporates both, the fine lake sediments (fine detritus
gyttja and calcareous gyttja) and the Late Glacial minerogenic silty deposits. The high conductivity of
the lake sediment is caused by the higher ionic concentration of the pore water resulting from ionic
input from the catchment mineral soils. The lowermost layer is defined by an increase in resistivity
due to the presence of basal sandy sediments.

The GPR interfaces are superimposed for comparison (dashed yellow, green and red lines in
Figure 6b). Interface3 matches very well with the top of the high-resistivity area correlated with the
basal sand deposit. Interface2, the top of the clayish-silt layer, is located inside the high conductive
unit indicating that the gyttjas cannot be distinguished from the clayish-silt unit by geoelectric
sounding from the earth surface. Interface1 correlates well with the high-resistivity upper layer, which
distinguishes between coarse organic and fine lake sediments.

In summary, it turned out that geoelectric tomography is able to distinguish between fine lake
sediments and basal sand, and between the peat deposit on top and the lake sediments underneath.
To better understand up to which degree the different gyttjas can be resolved, we performed the
numerical modelling study reported in the supplementary material.

Figure S3a shows a simplified electric resistivity model based on the sediment layers and their
depths as derived from the drill cores. To these layers, typical electric resistivity values resulting from
the Direct-Push measurements were attributed. For this model, we calculated synthetic geoelectric
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data, which were then inverted again using the same parameters as for the tomographic inversion of
field data. The inversion result is presented in Figure S3b overlain by the GPR-derived interfaces for
comparison. The comparison shows that the two uppermost layers (depth <2 m) can be distinguished
tomographically, and the inversion (Figure S3b) of the synthetic model (Figure S3a) matches with
the tomographic image derived from the field data (Figure 6a). Moreover, a model without the
internal gyttja layer was inverted and the results are reported in Figure S3d. Both models agree
confirming that the different gyttjas cannot be distinguished. The upper high-resistivity layer can be
well associated with the peat deposit. Within the uppermost peat layer, the real data tomographic
image (Figure 6a) shows some patchy localized high-resistivity anomalies, which do not appear in
the synthetic tomographic image. Therefore, we conclude that these patches are not an artefact of
the tomographic computation process, but an indication of lateral inhomogeneity of the upper layer.
The gradual transition between the coarse organic sediments and the lake sediments is also visible in
the modelling results. Both inversion results agree in showing a gradual transition between coarse
and fine sediments probably caused by a coarse detritus gyttja layer ~30 to 40 cm thick, in which the
lowering of the resistivity is caused by the presence of a higher ionic concentration. We can confirm
that Interface2 is not visible in the model and the sand deposit is clear, but it is less precisely defined.
The higher resistivity values of the last layer are more concentrated between 15 and 30 m, but they
are at a greater depth and in the first meters are not well defined. The model shows a linear dipping
interface, while the GPR interface looks more rounded, this approximation can probably create the
misbalance. From the resistivity diagram, we also notice any difference between coarse detritus gyttja
and peat above and the lake sediments below it. This statement is also strengthened by comparing the
Direct-Push values with the resistivity curve extracted from the ERT results (Figure S4). The computed
curve does not show a variation correlated to the coarse gyttja layer. In addition, with the low thickness
of this layer and the larger size of grid cells in the ERT model at the same depth, this layer is not visible.

Therefore, we conclude that it is not possible to resolve the difference between coarse detritus
gyttja, peat and fine-grained lake sediments (therefore the different gyttjas are not distinguishable).

4.4. Shear Wave Seismics

The seismic results are displayed in Figure 7. Both reflection and refraction profiling provide
structural information down to about 10m of depth, but, for our purpose, only the first 5 m are
considered. The bulk seismic structure can be recognized easily from the depth section of shear-wave
velocities (Figure 7a) generated by refraction tomography and from the reflection section (Figure 7b),
which allows for a more detailed structural interpretation of the velocity field.In general, the shear-wave
velocities increase towards depth with values ranging from 40 to 250 m/s. At the first glance, we can
recognize an uppermost layer with velocity <80 m/s followed by two layers with higher velocity values
dipping from south to north. The first is characterized by a velocity of ~100 m/s, while the lowermost
layer shows velocities ~200 m/s.

The shallower low velocity values are in strong contrast to the lowermost and confirm the presence
of a sediment volume at the surface, which is mechanically significantly weaker than its underlying.
The observed velocity values <80 m/s indicate soft sediment such as fine-grained lake fills or swampy
organic material [23]. It can be interpreted as the sediment sequence of the former lake consisting of
peat and fine-grained organic sediments like gyttja and the Lateglacial fine minerogenic sediments.

Below this low-velocity layer, the S-wave velocity increases abruptly to values of 100 to 250 m/s in
the vertical direction. The values of 150 to 300 m/s are typical for unconsolidated sediments of varying
grain size, basically silt, sand and gravel (c.f. [24,74]).

The spatial resolution of the reflection images can be evaluated using the depth-converted
reflection section, from which we can determine the effective wavelengths (Figure 7b). In the upper 2 m
of the section, we notice that the wavelength is about 0.4 m, while at deeper levels it becomes wider,
~1.4 mat approximately 4 m depth. This variation is caused by the dominant frequencies changing
with depth due to absorption. The higher frequencies are still in effect at shallowest depths and get
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increasingly absorbed with depth. This consideration shows that the resolution is about 0.20min the
uppermost 2 and0.7 m in a depth > 2m. Considering the cores information, we notice that different
sediment thickness is less than 0.20 m, which is comparable to the calculated resolution. Therefore,
the interpretation of the basin stratigraphy is possible regarding major deposits.Geosciences 2020, 10, x FOR PEER REVIEW 18 of 36 
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Figure 7. Shear-wave tomography and the reflection seismic section of the measured profile.
(a) Color-coded shear-wave velocities tomography. (b)Time-migrated and depth-converted reflection
seismic, together with stratigraphy, GPR interfaces and their interpretation. The GPR interfaces are
color coded (Interface1, Interface2 and Interface3). The main reflectors from the seismic reflection
profile associated with GPR interfaces are marked with black lines (A,B,C). For the legend, see Figure 6.
(c) Comparison between the shear-waves velocity depth curve and resistivity depth curve at the location
of core I.2bis. The interfaces from GPR are indicated with dashed lines (yellow and red). (d) Comparison
between the shear-waves velocity depth curve and resistivity depth curve at the location of core I.8.
The interfaces from GPR are indicated with dashed lines (yellow and green).
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A further comparison between seismic results, GPR and corings is shown in Figure 7b, in which the
major GPR interfaces are indicated with dashed colored lines (yellow, green, and red lines). The most
striking structure is a dipping reflection starting at about 1 m depth in the south and deepening down
to4 m in the North (black line, C). Obviously, this coincides with Interface3 between lake sediment
and sand. Interface3 matches with the abrupt increase in S-wave velocity, indicating the stratigraphic
change at that depth.

Below this clear reflector, additional seismic events are visible, presenting a similar behavior and
still an increase in the shear velocity. The comparison with the stratigraphy allows for the identification
of seismic events, which can be correlated to Interface2 (green dashed line from GPR). At a depth of
about 1 m, some reflectors are visible matching with the transition between gyttja sediment and the
silty clayish glacial deposit (black line, B).

Interface1, between peat deposits and gyttja, shows up in the seismic reflection section, too.
It coincides with the ~40 m/s contour line in the seismic velocity section. Within the peat layer, at a
depth <0.7m, the resolution of the seismic reflection image breaks down. This is because of interference
of reflected and direct wave arrivals. However, the uppermost peat layer can still be distinguished
from the underlying peat in terms of shear wave velocity as it is characterized by a velocity of ~40 m/s,
which is the smallest value measured along the profile. Some reflectors are present too at a depth of
~1/1.5 m at the same location of Interface1 confirming the possibility to detect this limit, too (black line,
A). At the deeper peat levels, the S-wave velocity increases to values >50 m/s due to consolidation.

Finally, we can conclude that the main interface in the reflection seismic is caused most probably
by layering of sediments with changes in grain size, bulk density, and matrix rigidity with depth.

In Figure 7c,d, we compare the resistivity depth curve extracted from the inversion and the
shear-wave velocity depth curve from the tomography. The slope at the main interface depths can
give an indication of the gradient for each property. Considering Interface1, the resistivity slope is
steeper than the seismic velocity for each core, which means that ERT can better resolve this layer.
Interface2 is better resolved considering seismics because the resistivity curve presents almost no slope
at this depth. This is also confirmed from the ERT tomography in whichInterface2 is not visible at all.
The basal sand deposit is well defined by shear wave velocities, but almost no slope is visible in the
resistivity depth curve. In the ERT tomography, it is very difficult to set a clear boundary, which can
define the transition to sand between 1 and 2 m (Figure 6b).

4.5. Comparison of Sedimentological and Geophysical Soil Parameters

In this section, we systematically compare and combine the physical sediment properties
determined with the different geophysical methods and with the sediment analysis in order to
establish whether or not they can be used to classify bog sediments. The correlation between electrical
resistivity and sediment properties is shown in Figure 8 with different symbols for each sediment.
In the second part of this section, we combine the physical properties resulting from the computation
(Figure 9). Finally, a 3D cluster analysis is presented. For a comparison, we report in Appendix A the
values of the sediment properties collected from the literature and in Table 1 the results from our study.
Moreover, [41] presented a multi-site laboratory study at various peatland sites in north-east Germany,
to highlight again the large variability of each property depending on the site conditions.

Table 1. Properties of the peats and gyttjas deposits delivered from this study.

Sediment Water
Content (%)

Organic
Matter (%)

Resistivity
[Ωm]

Conductivity
[mS/m] εr

SH Velocity
[m/s]

weakly degraded peat 66–84 89–95 37–70 27–14 41–53 ~40
strongly degraded peat 70–86 87–97 24–40 42–25 59–62 ~40

Fine gyttja 86 72 19 52 59–82 ~80
Coarse gyttja 87 92 20 50 62–66 ~80

Calcareous gyttja 42 17 22 44 n.a. ~80
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In the scatter plots of Figure 8, four different clusters are visible: peat (A), gyttjas (B), silty mud (C)
and sand (D).Sand, and fine minerogenic sediments are easy to identify as isolated groups. Cluster D
shows low water content and resistivity values between 30 and 45 Ωm, whereas cluster C presents low
water content and low resistivity values (20–25 Ωm). The situation is different for peat and gyttjas.
Peat sediments (Cluster A) have a high variation in resistivity values, but can be clearly separated
from the gyttjas, except for some outliers, which have characteristics more like coarse detritus gyttja.
The weakly degraded peat is also distinguishable from the strongly degraded peat because of its
higher resistivity values. The different gyttjas are not always clearly distinguishable from each other
considering the bulk density and water content, the coarse detritus gyttja, fine detritus gyttja and
calcareous gyttja belong to a common cluster. The water content enables these paration of the calcareous
gyttja from the other gyttja types. A distinction between fine gyttjas and calcareous gyttja is possible in
terms of organic matter.

To characterize the correlations between electric resistivity and the other properties of gyttja and
peat in a more quantitative way, we applied the Pearson correlation coefficient (r), which varies between
0 (no) and 1 (perfect correlation). Water content and organic matter have the strongest correlation
with resistivity, particularly for the coarse detritus gyttja (r = 0.88 for water content and r = 0.87 for
organic matter). For peat, we obtained r = 0.32 for the water content and r = 0.58 for the organic matter,
they are weaker and probably explained by the high variability associated with this type of sediment.
The high variation of this property is site dependent and our results are in line with [18]. The fine
gyttjas show a value of r = 0.78 for the water content and r = 0.67 for the organic matter. Coarse detritus
gyttja presents similar characteristics to strongly degraded peat, which makes it somewhat difficult to
distinguish them.

Figure 9a shows scatter plots of the geophysical parameters obtained from the field measurements’
interpretation. Electrical resistivity and shear wave velocity from the tomographies (uppermost 3 m)
are able to distinguish between different degrees of peat degradation (Cluster A). The gyttjas are
concentrated in one cluster and show similar characteristics as clayish loamy sediments. The plot
of electric resistivity versus GPR (uppermost 2 m) velocities reveals different clusters, particularly
the differently degraded peats (Cluster A). The weakly degraded peat is concentrated on the top of
the plot (resistivity values ~65 Ωm, GPR velocity 4–6 cm/ns), which makes its identification possible.
The strongly degraded peat shows a high variability of both resistivity (~40–60 Ωm) and GPR velocity
(4–6.6 cm/ns). Despite its high variability, this sediment is well separated from the others. Some outliers
are located close to the detritus gyttja, which makes it difficult to well separate this sediment from the
strongly degraded peat and fine detritus gyttja. The sand (Cluster D) and fine detritus gyttja (Cluster B)
are more concentrated in separated clusters. In this regard, the fine detritus gyttja could be separated
from the coarse one. In the scatter plot of seismic and GPR velocity, we notice that the different clusters
can be identified, too, but they show some overlap. Only fine detritus gyttja seems to be concentrated
within an isolated cluster (Cluster B).

Combining the three geophysical parameters, a 3D cluster analysis was performed and the results
are shown in Figure 9b. Cluster A indicates the peat deposit, which can be distinguished in two
subclusters: weakly degraded peat and strongly degraded peat. Moreover, it is promising that the
different gyttjas (coarse and fine) seem to belong to different groups (Cluster B and C). Unfortunately,
the other sediments are not inserted because it was not possible to measure the GPR velocity below a
depth of 1.3 m.

In summary, the identification of different degrees of peat decomposition is possible considering
sediment and geophysical properties. The detritus gyttja is often displayed as having similar
characteristics to the strongly degraded peat, but the 3D cluster analysis shows that it is possible to
distinguish it. The same is true for fine detritus gyttja, which belong to a different cluster.
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4.6. Peatland Development

The basin stratigraphy and morphology inferred from the geophysical results can be explained
in terms of the classical phases of peat bog formation confined in a basin. The initial basin was
composed of glacial sands where, above it, Late Glacial clayey silt was deposited in a lake (Figure 10a).
The applied geophysical methods can identify the glacial sands characterized by low conductivities
compared with the surrounding fine sediments. During the Early Holocene warming, organic-rich
lake sediments were deposited, and peat formation began at the lakeshore. By a rapid filling of the
lake basin, that occurred already during the Early Holocene, the peat covered a successively larger
area of the former lake (Figure 10b,c). In the lake basin, the sequence is more complicated due to the
fluctuating water levels during the Preboreal to Boreal, but this sequence is (normally) the common
deposition series [52]. Due to the multimethod approach, we were able to identify almost all the
stratigraphic units. The basal sand is very easy to identify and to map for the identification of former
islands with Mesolithic occupation [31]. Figure 10a shows how this interface (Interface3) is visible in
each applied method (red cross), allowing for a reconstruction of the ancient basal deposits. The late
glacial clayey silt and the peat unit on top were mapped as well, allowing a first reconstruction of the
lake development. Figure 10a–c (green cross) highlights how Interface2 was detected mainly by GPR
and seismics because of the low contrast in electrical resistivity between fine lake sediments and the
Late Glacial clayey silt. Interface1 (yellow cross, Figure 10a–c) is visible in each method and it can be
connected with the bottom of the peat layer, often correlated with coarse detritus gyttja presenting
similar properties. Between Interface1 and Interface2, different gyttja sediments (fine detritus gyttja
and calcareous gyttja) are visible from the stratigraphy but are not clear in the geophysical results.
Some changes in the GPR amplitude are visible (cyan cross, Figure 10) but without a regular behavior
that allows for the identification of a defined layer. The calcareous gyttja is visible only in the deep
part of the ancient lake but geophysically it does not differentiate from the surrounding lake sediments.
The identification of this layer would be important also for timing aspects in a way to better understand
the sequence of deposition. Sediment analysis helps the distinction of this layer from the others but,
from the geophysical point of view, it is still not defined. The transition between coarse detritus
gyttja and peat is also not possible because this sediment presents some similarities with the strongly
degraded peat. This is also visible comparing the resistivity curves form the inversion with the
measured resistivities in the cores (dashed red lines in Figure 10). In this regard, we can highlight the
possibility of separating strongly degraded peat from weakly degraded peat (pink cross in Figure 10).
This is an important achievement which can be used for the archaeological research (e.g., preservation
conditions of organic remains). As reported in [18], gyttja layers at the base of peat deposits that
can often be found in fens of north-east Germany reduce the contrast in electrical conductivity; thus,
the delineation of peat is not that clear anymore. The former islands had already started to become
overgrown with peat during the Early Holocene, and the Mesolithic camps are indeed not directly
located on the mineral soils but embedded in peat. Having more detail about the first layer can be
particularly important for further research because it hosts the archaeological record. Our proposed
scheme of the stratigraphy is based on the detected units and not on the time of deposition, because
this topic needs another approach (e.g., including dating) [31]. A suggestion of the measured profile
location is proposed in Figure 10.
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Figure 10. Interpreted model for the Duvensee Moor development from ~7800 BC (a) to ~7000 (b) and
~6000 BC (c) illustrating the gradual sediment deposition within the basin during the Mesolithic period
(after [52,75]). The 1D traces belonging to each applied geophysical method are reported on the side
and the main changes are indicated with colored crosses. The blue line indicates a suggestion for the
location of the measured profile.

5. Discussion

5.1. Stratigraphy of Bogs

5.1.1. GPR Survey

The results of the presented research together with the work of [31] provide vivid information
regarding the development of the paleo-landscape at the ancient Lake Duvensee. Physical properties
and geophysical investigations helped gain more details about the characteristics of the sediments.

GPR is able to detect different layers at ancient Lake Duvensee, in particular Interface1 (transition
between peat, coarse detritus gyttja and the underlying fine detritus gyttja, calcareous gyttja), Interface2
(fine detritus gyttja and underlying clayish-loamy sediments), and Interface3 (transition between
clayish-loamy layer and the basal sand deposits).
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Conductivity and permittivity are strongly influenced by water and clay content; these properties
increase with increasing clay and water content [76,77]. Since permittivity and velocity are indirectly
proportional, an increase in those properties means a decrease in the velocity of the electromagnetic
waves [76]. Clay minerals are also negatively charged and, therefore, able to exchange cations, if they
are in solution [78]. The result is that an additional surface conductivity is present, increasing the bulk
conductivity for clayey sediments. Fine organic particles can have similarly high cation exchange
capacities than clay minerals but usually exhibit a lower bulk density.

For the reasons illustrated above, Interface3 is well visible in the radargrams, marking the
transition between clayish-loamy sediments and sand [31]; this transition is also confirmed considering
the organic matter content, which decreases quickly from 30% to <5% at about 1.2 m of depth in core
I.2 and also considering the change in water content and bulk density. The bulk density is higher, and
the porosity is smaller, reducing the water content, which causes a visible reflection. Organic matter
influences the propagation of the radar waves too, because a high value of it enables higher water
contents due to the larger surface of particles where water can adhere [79]. Therefore, the permittivity
increases in sediments with high organic matter.

Interface2 is also recognizable because of a significant change in organic matter content at about
~2.5 m in core I.4 (from ~30% to ~10%) associated by a change in bulk density. The grain size distribution
indicates a change in the clay content which is higher considering the gyttja than the clayey silt below
this limit. The reflection is (indeed) weaker compared to Interface3, but it can be followed through
the profiles.

Interface1 is instead very difficult to follow without stratigraphic information because the reflection
amplitude is somewhere weak and GPR seems to encounter difficulties detecting the transition between
different sediments. In the first meter of I.2bis and the first 2 m of I.4 the water and organic matter
content do not present large variations. The resistivity can instead give more information about the
first recognizable interface because a change of that property occurs at ~0.7 m, defining the transition
between peat/coarse detritus gyttja and organic mud in core I.2. and the same for I.4b. A small variation
is also present concerning the grain size between coarse and fine sediments.

In the peat layer, discontinuous scattered reflections are present too, which are caused by the
heterogeneous character of the peat and it poses a challenge in interpreting reflections within peatlands.
Chaotic reflections can be caused by small-scale variations in the degree of decomposition, peat type or
wood remains as well. The transition between fine gyttjas and calcareous gyttja has the characteristics
to be detected as well, but, in the radargram, we can only see scattered weak reflections (Figure 4).
The grain size slightly varies between the two deposits and the organic matter varies too, but more
information about the GPR velocity variation would help in this direction.

Regarding GPR, we confirmed that the velocity of electromagnetic waves and therefore dielectric
permittivity through peat can be highly variable. Compared to former studies in wetlands, our results
fit well with that found by [25,32] for fen peats. The authors of [25] demonstrated that the degree of
waterlogging does have an impact on the dielectric permittivity in fen peat; for this reason, the range
of variability on peat deposits is very high. Measuring in different seasons can also be a factor that can
affect the results, dry conditions give a higher value of the electromagnetic wave velocity than wet
conditions [25] as well as the temperature variations.

From the values found in the literature (Appendix A), we know that clay- and silt-rich minerogenic
sediments have lower dielectric permittivity than (any of the) peat deposits. Both peat and clay
deposits are fully saturated, and the peat has the capacity to hold more water than coarse grained
minerogenic sediments due to the pore structure of the sediment [11]. The authors of [25] found an
electromagnetic wave velocity of 0.05 m/ns (dielectric permittivity of 36) for the silty to clayey wetland
sediments and they are at the upper end of the range given by [34]. Our results are even lower (velocity
of 0.039–0.037 m/ns) compared to the literature, probably due to the high water content, which slows
down the radar waves.
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The guided waves method gave results that are consistent with the CMP measurements reported
in [31] and in the literature (Appendix A). Moreover, it delivered higher-resolution information
about the variation of the radar velocity in the uppermost 1.3 m. Indeed, these methods allowed for
the determination of the GPR velocities every 10 cm. Unfortunately, the high water content of the
subsurface made it difficult to gain mode detail at a major depth. Therefore, only peat, coarse detritus
gyttja and fine detritus gyttja were reported.

In summary, it is evident that the ability of GPR to delineate structures within the organic deposits
depends on the site-specific stratigraphy. It depends on the layer differences in peat type, the degree of
decomposition, water saturation, the type of gyttja and small-scale variations in physical properties.
Therefore, it is difficult to define general implications for other sites. A step forward would be to use
small scale information as constraints [24,60] to improve and validate the geophysical models to be
able to predict the stratigraphy and (maybe) define their characteristics.

5.1.2. ERT Survey

The tomographic section of the resistivity shows regions of varying resistivity, which were
associated with the major sediments. Within the peat layer, high-resistivity regions are visible, but they
cannot be explained by distinct layers. Interface1 was difficult to follow in the GPR profiles but with
ERT, it is very clear. The local variations (red spots in the uppermost 1m) are probably associated with
the different peat decomposition, which creates differences in the cation exchange capacity, but this is
not supported by the statistical analysis of samples. Another explanation for these variations may be
a different soil moisture. The statistical analysis of the sample indicates a slight correlation of water
content and resistivity providing evidence for this explanation. The decrease in the resistivity within
the peat layer is a good indicator of a different degree of humification of these deposits according to [8].

The transition between peat and coarse detritus gyttja is gradual considering the resistivity
curve, which does not show an evident change. The detection of gradual changes in property is well
documented for ERT in comparison to GPR. The authors of [80] used both approaches to investigate
peatland sites and identified regions of varying resistivity within peatland, which could not be resolved
by GPR. Thus, we concluded that a gradient layer with continuously changing dielectric permittivity
was present, which cannot be detected by GPR.

With respect to the gyttja layers, ERT fails to differentiate between the different types of gyttja.
The resistivity of the gyttjas is not significantly higher than the resistivity of the mineral deposits. A
masking effect of a high ionic concentration of the permanent groundwater body that fills the pores of
this section of the sediment sequence could explain this observation. According to modern times, the
lowering of the groundwater level, the upper part of the sediment sequence (peat), is not connected to
the permanent groundwater level anymore. This is indicated by the much lower conductivity values
of the pore water of the peat compared to the lying gyttja layers. Instead, parts of the pore water of the
peat might originate from rainwater, explaining the much lower ion concentrations of the peat.

5.1.3. SH-Wave Survey

The presented refraction tomography and reflection profile have shown different velocity variations
and reflectors corresponding to the change in grain size of the sediments, like GPR. The identification
of the silty-clay/basal sand is very clear in both methods while concerning Interface2 and Interface1
only partial reflectors are visible. The match between these seismic events is visible, but further
measurements would confirm this hypothesis. The incredibly low shear wave velocity at the top of the
profile indicates that swampy sediments are very well correlated with the organic peat deposit. The
high velocities at the bottom of the section are instead clearly correlated with sand sediment. However,
the organic matrix as such is mechanically weaker than the matrix of inorganic sandy and silty soils.
Therefore, the related contrasts in shear rigidity (shear modulus) are one of the reasons why shear
wave sounding turned out to be successful in determining the shape of the former island. Moreover,
the shear wave velocity, which is proportional to the square root of rigidity, is determined mainly by
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the matrix and is not affected by the pore fill, making SH-wave contrasts independent by the degree of
water saturation.

This is very much in contrast to electric conductivity and dielectric permittivity, which are
essentially determined by the soil water content. In our field example, the general increase in water
saturation with depth led to decreasing lateral contrast between the island and the surrounding lake
sediments. For the same reason, GPR absorption increases strongly with depth.

Site effects primarily depend on the shear modulus of layers, which is also related to density.
Attempts have been made to propose a relation between the bulk density and shear wave velocity [81,82],
and our case study is in line with the literature giving a correlation factor of r = 0.85 (Figure 11).
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Focusing on Figure 11, we can notice that the sand deposit is well isolated from the rest of the
sediments. At a first glance peat presents the lower velocity values and it can be separated from the
fine lake sediments and gyttja, but more data would be necessary to implement that.

Efforts have been made to propose a general trend between shear wave velocities and porosity,
permeability under different environmental conditions. Due to the different arrangement and
composition of grains, there are differences in density, porosity, and permeability as a result of
differences in shear wave and compressional wave velocity. In particular, the higher the density, the
lower the porosity and thus the higher the wave velocity [82].

5.2. Degradation and Compaction of the Peat

As we presented in the paper, the extrusion of the sediment from the Usinger core barrel can
lead to a strong compaction of the core. In our case, the compaction affected only the first layer
made up of peat and coarse detritus gyttja, while the minerogenic and calcareous sediment were
marginally or not affected. Taking the depth of the main transitions from the GPR survey in [31], a
more focused estimation of the compaction has been done also including the degree of decomposition
of the sediments. As we can see from our results the estimation of the compression through the peat is
quite variable but combining the sediment parameters with geophysical results (GPR in our case) can
give a promising methodology to understand more about this topic. In any case, more tests are needed
to understand how peat can be compressed during core extraction.

Another important remark about in-situ peat compaction regards its contribution to total
subsidence, which influences temporal and spatial sedimentation patterns.

The work of [12] found no evidence of an easy way to access peat compressibility. They argue
that peat from different locations exhibited different compressibility characteristics and they concluded
that more commonly and relatively easily measured sediment parameters (e.g., bulk density, state
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of decomposition) are no proper indicators of soil compressibility. In any case, peat is a highly
compressible material and consequently the water storage changes produce volume changes in
the peat.

Where changes in water table elevations are large, significant storage changes may arise from
surface elevation changes. The nature of the surface elevation change depends on the compressibility
of the peat [83].

So far, peat compaction has mainly been quantified using empirical models [84], resulting in
estimated compaction rates in Holocene alluvial sequences (about <2 mm/year). However, these results
should be verified with field data. The authors of [85] tried to estimate the rate of peat compaction at the
Rhine–Meuse delta using bulk density and organic matter and radiocarbon dated peats. He presented
a subsidence of up to 3 m in a 10 m thick Holocene sequence (0.6 mm/year), comparing the dry bulk
density of compacted and uncompacted peat with an estimated error of about 15%. He also found
that, in two of the four cases, the LOI and compaction are positively correlated, but no rule is possible
to define.

The degree of decomposition determines the physical properties of peat, too. Undecomposed
peat has a low bulk density and high fibre content [8]; therefore, it contains many large pores and
may have a total porosity of~97%. During the decomposition, peat becomes denser and its porosity
reduces to 81–85% for strongly decomposed peats [37]. In theory, if peat is fully water-saturated, the
undecomposed peat has a higher water content and εr; thus, the GPR velocity is lower compared to
the decomposed one. In our case study, the water content is almost constant in the peat deposits,
which means that higher velocities on the top are caused by organic undecomposed materials that can
increase the velocity values. As a result of the dual-porosity character of peat, the immobile region
presents a negligible fluid flow velocity that can be translated in a decrease as well as the resistivity.
Our study reveals this relationship, as we can see from Figure 5, in which the lowermost peat presents
lower GPR velocities indicating the more degraded part. This behavior is also confirmed considering
the electrical resistivity which decreases with depth in the same sediment according to [8]. In any case
to prove this suggestion, additional GPR data against decompositional types of peat is needed.

The degree of composition of peat will also vary according to the plant species making up the
peat [11]. Peats containing vascular plant remains often are more decomposable than those containing
Sphagnum remains [86]. The pattern of lower and higher permeability peat in the deposit can be
expected to affect the water flow through the peat which in turn may affect the patterning of vegetation.
Such trends have been explored by [87,88], who showed that complex patterns of vegetation and of
peat transmissivity may emerge from relatively simple interactions between vegetation type and water
table position. However, a problem of these studies is that they have not been tested with field data,
and sometimes the number of boreholes is too small to also understand horizontal variations.

To test models and to find correlations, it would be very useful if the peat could be mapped
non-invasively and in detail over large areas. In these regards, GPR can be the best cost-effective
method to apply.

In wetland contexts, the fluctuating water table interacting with the sediments and any underlying
or overlying depositional material also plays a role. In our case, we do not have information about
the depth of the water table, which would help us to understand the depth of penetration of GPR.
An estimation can be done considering the geochemistry and the iron concentration, which is expected
at the maximum height of the water table. Below this limit the iron concentration decreases with depth
due to the sensitivity to redox state and pH in bogs [89]. High concentrations of aluminum indicate a
certain amount of minerogenic input into the lake basin from the catchment area. The Late Glacial to
Early Holocene lake sediments of the lower part of the sequence expose clearly higher amounts of
Al. This reflects a considerable minerogenic input from the catchment area, probably enabled by a
sparse vegetation cover on the catchment soils. Towards the upper part of the lake sediment sequence
(between 2.3 and 1.9 m) the Al content decreases dramatically, indicating a trend of stabilization of the
catchment surface by the succession of a vegetation cover in the lake catchment area. One later phase,
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that divides the peat deposition, is characterized by high minerogenic input, too. This might reflect
a re-opening of the catchment vegetation caused by natural processes, e.g., Early Holocene climate
variability (e.g., [90] or local human activity. Copper and zinc are indicative for redox processes at
the water table [25]. The high concentration of iron associated with high values of copper and zinc at
about ~1.10 m depth (Figure S5) indicates the presence of the long-term mean water table at this depth.

5.3. Methodological Questions

To reconstruct the stratigraphy at ancient Lake Duvensee, a multi method approach has been used
in a way to understand which method can deliver the best understanding of the layering.

Soil parameters have been implemented to cover small-scale variations. In the following subsection,
we are first going to discuss which method was the most successful for the research foci and what can
be improved to better define the stratigraphy. At the end of the section, we will discuss what soil and
petrophysical parameters are suitable for identifying different sediments. The fen basin is successfully
delineated with GPR and ERT due to the high contrast in electrical properties between the organic
and the surrounding mineral basal deposits. SH-wave seismics can recognize and separate the layers
that differ in seismic impedance and grain sizeas well. GPR and seismic tomography display sharp
interfaces, whereas ERT shows gradual transitions, and these methodical differences are described by
other authors as well [28,91]. The investigated peatland is embedded in low conductive glacial sands
typical of fens in northern Germany [41], which means that the electrical conductivity of the organic
deposits (peat and gyttja) is higher than that of the surrounding material. The delineation of peatland
deposits with GPR is more achievable, and, in our case, we were even able to differentiate a different
degree of decomposition of peat and somewhere some weak reflections were correlated to different
gyttjas (fine detritus gyttja and calcareous gyttja).

We propose SH-wave seismic as an alternative tool to investigate the stratigraphy of such
environments. In this regard a comment about the resolution of GPR and S-wave Seismic is needed.
GPR shows a resolution between 5–8 cm (Section 4.2), while Seismic 20–70 cm. Concerning the goals
of this research GPR would be the best method to use for reconstructing the shallow subsurface and
to try to identify also internal layering concerning different gyttjas. The interpretation of the very
shallow subsurface (first meter in particular) is very difficult with reflection seismic because of different
factors, for instance, it is difficult to separate direct waves, surface waves and shallow reflections in
the near field close to the source. This makes GPR more suitable for detecting shallow interfaces.
However, seismics is also sensitive to sediments that differ in grain size and it provides information
about the density and compaction of different deposits. The depth of penetration differs significantly,
making seismic more suitable for surveys focused on the ancient lake bottom. Interface3 is, indeed,
very clear and it can be followed in higher depth than with GPR. In the center of the ancient lake, for
instance, the core information shows that the sand layer lies at a depth of about 6 m which is difficult to
reach with GPR. The authors of [11] used a 200 MHz antenna achieving a depth of 3 m, also enabling
the extension of the different peat humifications possible. The authors of references [16,20] used a
50, 100 and 200 MHz antenna, claiming that the second was the best compromise between depth of
investigation and resolution reaching a depth of about 10 m having a peat layer of about ~4 m on
top. Using antennae of 50 MHz or 100 MHz means that the resolution with S-wave Seismics can be
comparable but the depth of penetration would be always more for seismic. For this case study, the best
choice would be to keep measuring with a 200MHz antenna; otherwise, with a lower central frequency
antenna, we would lose resolution, which could be useful for layering interpretation. However, some
improvements can also be planned regarding seismics. The distance between the receivers can be
reduced to 0.25 m, but the time of measurements will increase, losing the cost-effective character of
the survey. Another remark to make would be about the source used for seismic waves. A higher
frequency source would produce waves with smaller wavelength and therefore the resolution would
be higher, but, in the SH-wave case, the higher frequencies would be quickly attenuated and difficult
to measure.
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Moreover, compressional waves (P-waves) can be a tool to test in this case study despite the
longer wavelength and thus coarser resolution compared to shear waves. Nevertheless, P-waves are
dependent on the compressional modulus and this might be a parameter that is changing between
sedimentary layers, too. For example, Vp increases with a decrease in porosity, and increases with an
increase in density.

The Full Waveform Inversion (FWI) is a recent tool which is able to improve the resolution of seismic
data. At the Fossa Carolina FWI was able to improve the definition of the canal basement and to resolve
small-scale velocity anomalies correlated with features in the archaeological documentation [47,48,92].
A further application of this tool could foster the identification of shallow structures and improve the
understanding of the seismic signals visible in the reflection profile. The multichannel analysis of
surface waves (MASW, e.g., [48,93]) and spectral analysis of surface waves (SASW) can also be used to
improve resolution for mapping subsurface stratigraphy.

Magnetic measurements are also common in geoarchaeological research, but, in our case, it did not
provide satisfying results. The magnetic susceptibility was measured along the core I.4 and the results
are shown in Figure S4. The survey pointed out that between peat and gyttja sediments the magnetic
susceptibility does not present any variation. The only visible change is the transition between the
calcareous gyttja and the underlying clayey silt deposits, which is already visible with GPR. Therefore,
we decided to neglect a survey of magnetic susceptibility. We tested Electromagnetic Induction instead
(EMI), and the result is shown in Figure S4. The EMI inversion shows a high-resistivity layer at the top
of the profile which can be associated with the peat layer. Underneath this unit, a high conductive area
is present correlated to the lake sediments. The identification of the sand deposits is difficult because of
the low instrument depth of penetration. For future investigations, the use of EMI with higher depth
penetration, e.g., by using an instrument with larger coil spacing, is promising.

Combining geophysics and soil characterization is currently required to aid the rapid discovery
and characterization of buried wetland archaeology. For instance, the identification of different peat
degradation can be an indicator of the layers preservation which can address the archaeological research.
The characterization of the deposits prior to a full survey is therefore an essential step in conducting
geophysical surveys in wetlands. We presented a range of different parameters (e.g., dielectric
permittivity, resistivity, and SH-wave seismics), which, connected with soil information (water content
organic matter), can delineate different deposits. The dielectric permittivity is well defined using the
guided wave measurements, which can be improved by also using a motor pulling the metal rod into
the ground allowing a more detailed survey of the GPR velocity. Evaluating with more accuracy the
degree of decomposition of peat for instance would help the determination of soil compressibility and
porosity. Using Direct-Push is the most successful way to determine the conductivity/resistivity values.

6. Conclusions

To study the landscape development of the early Mesolithic sites of ancient Lake Duvensee, a
multi-methodological approach has been applied. Fens of the temperate zone of central Europe are still
not studied frequently with these methods. The combined use of different geophysical methods (GPR,
ERT and SH-wave Seismics) and stratigraphic information from corings helped finding additional
information about the stratigraphy of the former lake. Special attention is given to the investigation of
different types of gyttja, which can often be found at the base of peat deposits in this region. Based on
our field survey, we found that the ancient lake basin prospection can be performed with different
methods, each of them sensible to different variations of physical parameters:

• GPR can identify the main transition between sediments that differ in grain size, and the boundary
between the uppermost poorly decomposed peat (“acrotelm”) and underlying well-decomposed
peat (‘’catotelm”). Moreover, the distinction between different gyttjas is locally visible with small
scattered reflection but without an orientation.
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Internal GPR velocity variations, which are represented with sporadic reflections, can be detected
using the guided wave measurements, which provide a high-resolution image of the permittivity in
the subsurface.

• ERT is capable of distinguishing between sediments with different grain sizes but is not able to
distinguish between different fine-grained lake sediments; therefore, the different gyttja types
are not detected. However, depending on site conditions, ERT is able to indicate regions of
gradually changing properties, such as the solutes in the pore fluid. Perhaps the high ionic
concentration of the permanent groundwater body present in the lower part of the ancient lake
basin is masking differences in sediment properties. The small-scale variations, due to different
degrees decomposition and organic remains, in the peat layer were visible as resistivity changes.

Moreover, using GPR together with stratigraphic information was useful to estimate the peat
compaction due the extraction after drilling. It turned out that the compaction is higher for the
shallower peat layer associated with the weakly degraded peat, while the underlying more degraded
peat presents a lower compaction. But no trend was observed.

We proposed SH-wave seismics as alternative tool for investigating wetlands and it delivered the
following results:

• SH-wave seismics enables exploring the deepest stratigraphy (up to ~19m depth), in which the
major interfaces can be found from the S-wave velocity distribution as provided by refraction
tomography. The method can distinguish between sediments with different grain sizes. The
vertical resolution is ~0.2–0.7 m through SH-wave reflection imaging allowing for the detection of
the main interfaces as GPR. SH-wave velocity values of the organic sediments are in the range of
40 to 80m/s, whereas the glacial sands have velocities of 100 to 250 m/s. This means that sediments
presenting a weaker matrix can be very easily defined and mapped.

Due to the specific sensitivities of each technique on different soil properties, a joint application is
recommended. In this regard GPR and seismics are able to reconstruct the stratigraphy combining
high resolution and depth information. It is also interesting to notice how ERT and SH-wave seismics
work vice versa for detecting different interfaces.

Regarding the characterization of the sediments, we came to the following conclusions:

• Strongly degraded peat presents physical parameters similar to detritus gyttja.
• Fine detritus gyttja can be distinguished from the coarse detritus gyttja.
• The calcareous gyttja can be detected using a combination ofphysical parameters and soil analysis.
• Resistivity is well correlated with water content and organic matter for distinguishing between

different peat degrees of decomposition and different gyttjas (calcareous/fine).
• ERT and GPR guided waves allowed for the distinction between different degrees of peat

decomposition, but the depth of investigation was not enough to statistically separate the
different gyttjas.

• Sesmics allows for an estimation of sediment density.

Due to the variety of ecological conditions and stratigraphy in wetlands, the results of this study
are also valuable in complementing existing case studies. The delineation of different gyttja layers is
especially promising for the calculation of the total carbon content of peatlands.

A further aim is to make the researchers able to map large areas with geophysics enabling the
geoarchaeologist to reduce the time-consuming drilling procedure; therefore, this study provides a very
important planning tool for future investigations. The direction would be using geophysics in a way to
extrapolate the coring results from single point to large areas. However, the comparison with corings
will be always necessary because of the site-specific conditions that affect these kinds of environments.
And most importantly, this prospective will enable the archaeological and palaeoenvironmental
research groups to reconstruct palaeolandscapes and to identify possible areas of interest.



Geosciences 2020, 10, 314 30 of 35

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3263/10/8/314/s1,
Figure S1: Examples of SH-wave shot gather data, Figure S2: tomography processing: regularization estimation
and starting models definition, Figure S3: ERT Numerical modelling performed for this study, Figure S4: magnetic
susceptibility measurements at core I.4 and EMI survey at the reference profile, Figure S5: geochemical analysis
at core I.4. Table S1: acquisition parameters of the SH-wave seismic reflection profile, Table S2: processing
parameters of the tomographic inversion, Table S3: processing parameters used in the reflection seismic.

Author Contributions: Conceptualization, E.C., W.R., D.G., H.L., M.Z.; methodology, E.C.; software, E.C., M.T.;
validation, E.C., M.T. and D.W.; formal analysis, E.C.; investigation, E.C., D.P., N.P., M.Z., S.D., E.E., A.V., T.W.
(Timo Willershäuser); data curation, E.C.; writing—original draft preparation: E.C.; writing—review and editing,
W.R., D.W., T.W. (Tina Wunderlich); visualization, E.C., M.T., D.W.; supervision, W.R.; project administration, D.G.,
H.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the German Research Foundation (DFG) grant 2901391021 (SFB 1266).

Acknowledgments: We would like to thank the longtime excavator and researcher of the Duvensee bog sites,
Klaus Bokelmann, for detailed information.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. Range of soil parameters of different sediments from field and laboratory studies taken
from literature.

Property Material Value References

Total porosity peat ~70 to 95% [8,71,94,95]
gyttja ~0.90 to 0.95%

Compression peat ~10 to 50% [10,95]
detr. calc. gyttja ~5-35%

Pore diameter peat ~0.1–5 mm [9,96]

Organic matter gyttja ~40–80%
~30–95% [27,97]

Water content
peat ~85–95%

[18,27]org. gyttja ~85–88%
min. gyttja ~72–75%

Bulk density
peat 0.08–0.17 g/cm3

[18,41]org. gyttja 0.13–0.22 g/cm3

min. gyttja 0.27g/cm3

Dielectric permittivity
(GPR velocity)

Air 1 (0.30 m/ns)

[33,34]
[25]
[76]
[32]

Fresh water 80 (0.033 m/ns)
Clay (dry) 2.5 (0.10 m/ns)
Clay (wet) 5–40 (0.05–0.06 m/ns)
gyttja 23–27(0.06–0.07 m/ns)
Silt 5–30 (0.05–0.07 m/ns)
Sandy clay 16.87 (0.073 m/ns)
Sand (dry) 2.55–7.5 (0.1–0.2 m/ns)
Sand (wet) 20–31.6 (0.05–0.07 m/ns)
Fen peat 40.69–34.56 (0.047–0.051 m/ns)
Wood peat 56.18 (0.040 m/ns)
Peat 40.7–73.5 (0.035–0.0479 m/ns)
Freshwater peat 57–80 (0.03–0.06 m/ns)

Conductivity/Resistivity

Sand (dry) 0.01 mS/m

[8,33]
Silts 1–100 mS/m
Clays 2–1000 mS/m
undecomp. peat 35–44 Ωm
decomposed peat 20–25 Ωm

Appendix B

The following processing steps were applied for the Tomoraphy:

1. Determining a reference velocity model.

The most accurate reference model is crucial for reducing possible ambiguities of tomographic
solutions and thus increasing the reliability of the tomographic result. For this purpose, we followed
a 3-step procedure. We first derived a velocity model of the uppermost 2 m of the underground

http://www.mdpi.com/2076-3263/10/8/314/s1
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by restricting the traveltime inversion to source-geophone distances (“offsets”) of up to 6 m. Then,
we extended the offsets to 15 m resulting in a velocity model of the uppermost 4 m. Finally, we took all
traveltime picks to receive the velocity model of the uppermost 6 m corresponding to the maximum
penetration depth of the refracted waves. We applied a Gaussian smoothing filter to the velocity model
to avoid artefacts in ray paths. The half width of the filter was 2 m horizontally and 1m vertically.

2. Determination of smoothing weight.

We performed a single iteration with different smoothing weights between 0.001 and 100.
The roughness of the model (variance with respect to the reference model) was then plotted versus
the data residuals (chi-square function) (Figure S2a). From the resulting L-curve the regularization
factor located at the point of largest curvature (closest to the origin) was chosen as the optimum for the
inversion. The obtained value is 0.4.

3. Determining the final velocity model and its dependence on the starting model

For determining the final velocity model and assessing its possible dependence on the starting
model of the tomographic inversion, we created 10 different starting models by altering the reference
model by up to 10% (Figure S2b). For each starting model, the inversion was performed separately
using the same set of parameters (Table S3). Each inversion run showed convergence within five
iterations. The minimum RMS value of traveltime residuals was 2.9 ms. The 10 velocity models of the
last iteration had an RMS value less than 3.2. We derived the final velocity model and its uncertainty
from these 10 models by determining their arithmetic mean and its standard deviation. We consider
those parts of the model as being well resolved that show a standard deviation of less than 10 m/s
corresponding to about 5%.
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