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Abstract: Peatlands located on slopes (herein called slope bogs) are typical landscape units in the
Hunsrueck, a low mountain range in Southwestern Germany. The pathways of the water feeding
the slope bogs have not yet been documented and analyzed. The identification of the different
mechanisms allowing these peatlands to originate and survive requires a better understanding
of the subsurface lithology and hydrogeology. Hence, we applied a multi-method approach to
two case study sites in order to characterize the subsurface lithology and to image the variable
spatio-temporal hydrological conditions. The combination of Electrical Resistivity Tomography (ERT)
and an ERT-Monitoring and Ground Penetrating Radar (GPR), in conjunction with direct methods
and data (borehole drilling and meteorological data), allowed us to gain deeper insights into the
subsurface characteristics and dynamics of the peatlands and their catchment area. The precipitation
influences the hydrology of the peatlands as well as the interflow in the subsurface. Especially,
the geoelectrical monitoring data, in combination with the precipitation and temperature data,
indicate that there are several forces driving the hydrology and hydrogeology of the peatlands.
While the water content of the uppermost layers changes with the weather conditions, the bottom
layer seems to be more stable and changes to a lesser extent. At the selected case study sites, small
differences in subsurface properties can have a huge impact on the subsurface hydrogeology and
the water paths. Based on the collected data, conceptual models have been deduced for the two case
study sites.

Keywords: peatland; slope bogs; geomorphology; subsurface hydrology; electrical resistivity
tomography; ground penetrating radar; boreholes; Hunsrueck

1. Introduction

Peatlands located on slopes (herein called slope bogs) are typical landscape units in the Hunsrueck,
a low mountain range in Southwestern Germany, and have often been drained since the early 19th
century to grow spruce (Picea abies) in the development of forests [1]. These peatlands are mainly
fed from downslope interflow, direct precipitation and groundwater springs. In addition to high
precipitation, including snow, fog was also seen as an important factor in the feeding of these peatlands
with moisture [2].

The influence of ditches for the drainage of the peatlands is already well documented in the
Hunsrueck, with a focus especially on the output and water capacity of the ditches [3]. Additional
pedological or phenological research has been conducted in the study area [1,4,5]. These studies touch
the topic of the hydrology of the peatlands, with a focus on springs and the water flow within them,
but the pathways of the water feeding the slope bogs have not yet been documented and analyzed.
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By contrast, the hydrology of many different types of mires, bogs and peatlands worldwide is less
complex and well-described [6]. Studies more often focus on more specific questions, such as carbon
dioxide storage capacity [7,8]. However, especially the mosses within the wet parts of the peatland
are of great significance for nature conservation and protection [4] and the slope bogs within the area
of investigation have been identified as priority conservation. A 30-year plan for renaturation and
restoration that mainly concentrates on the slope bogs has started, since the founding of the national
park, Hunsrueck-Hochwald, in 2015 [3].

Due to the difference in resistivity between dry rocks, wet rocks, sediments and organic matter;
Electrical Resistivity Tomography (ERT) is an adequate method for identifying not only subsurface
lithology, but also near-surface water paths within peatlands and their catchment areas. Some studies by
North American scientists investigated different types of peatlands, e.g., esker deposits and pool systems
below peat [9], carbon storage of tropical peatlands in Indonesia [6] or the resistivity-based monitoring
of biogenic gases in peat soils [10]. In Europe [11], studies on the internal structure of alpine mires with
ERT [12] tried to distinguish alpine bogs and fens using geoelectrical measurements and [13] analyzing
perialpine kettles. Outside the Alps [14], studies tried to differentiate between peat and mineral soils in
Northeastern Germany. At the same time, some analyzed the geology underneath the peat and its inner
structure and also compared these results with laboratory analyses to declare different impact factors on
resistivity distribution [15]. In smaller peatlands, especially in slope bogs and within the catchment area,
ERT-based research to detect the relevant water pathways has not yet been performed or published.
However, this method was successfully applied in areas with permafrost underneath peat plateaus [16],
karstified landscapes [17] and for extensive hydrological [18] or ecohydrological questions [19]. Using
ERT to monitor the moisture of the subsurface has also successfully been used in different studies [20,21].
The geoelectrical monitoring approach allows for a relative or semi-quantitative estimation of the water
content of a 2D transect, and this method does not affect the structure and interflow itself, in contrast to
more invasive methods, such as drilled water gauges.

To apply a complementary geophysical method, ground penetrating radar (GPR) has been chosen.
Different authors have combined both methods in peatlands as well [11,13]. However, hydrological
questions are usually solved using analog methods or by quantitative modelling, focusing mostly on
the water table of peatlands or on the already drained ones [22,23].

This study aims to improve our understanding of the hydrogeology of slope bogs, including their
catchment area, which represent a rare ecosystem. The subsurface catchment area of the peatlands
is almost unknown, and hence the hydrological conditions and hydrogeology have so far been
impossible to describe [4]. Therefore, the major aim of this study was to investigate the shallow
subsurface lithological and hydrological conditions and hydrogeology by means of sedimentological
investigations and geophysical surveying to delineate the water pathways feeding the peatlands in
order to support the management, protection, and renaturation of these slope bogs and other bogs
of this type. In order to detect seasonal changes in the subsurface water flow, repeated geoelectrical
measurements at fixed electrodes (geoelectrical monitoring) was applied. Based on the collected data,
conceptual models have been deduced for the two case study sites.

2. Materials and Methods

2.1. Study Sites

Two peatlands in the Husrueck were chosen as case study sites: the so-called “Thranenbruch”
and “Gebranntes Bruch” (Figure 1). In an attempt to select a comparable study site to “Thranenbruch”,
which was the site chosen first, we considered different peatlands. Finally, “Gebranntes Bruch”,
showing some similarities and a few differences, seemed to be an adequately comparable study site to
reach our aim. “Thranenbruch” was chosen as the main study site because of its complex hydrological
conditions. Moreover, the location has been the site of other studies, and a part of the drained peatland
was renatured in the course of the research project.
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Figure 1. Location of the study sites: (a) overview (Basemap: Esri-basemap-Topographic-10 October
2018), (b) profile of “Thranenbruch” (Basemap: TK 25, 6208, Morscheid-Riedenburg), (c) profile of
“Gebranntes Bruch” (Basemap: TK 25, 6109, Hottenbach), (d) geological map of “Thranenbruch”
(Basemap: GK 25, 6208, Morscheid), (e) geological map of “Gebranntes Bruch” (Basemap: GK 25, 6109,
Hottenbach), (f) photograph of “Thranenbruch”, (g) photograph of “Gebranntes Bruch”.

The bedrock of the Hunsrueck is mainly composed of Devonian sediments (Figure 1d,e) [24-27].
During the Herzynian orogenesis, these sediments were folded, underwent metamorphic processes and
were partly broken into horsts [24]. As a result, the weather-resistant, deep fissured “Taunusquartzite”
including a joint system, builds the mountain ridges, whereas the weaker but aquitard acting



Geosciences 2019, 9, 118 4 0f 19

“Hunsrueck shale” has mostly been eroded at the ground surface. The fissuring of the quartzite
decreases with increasing depth [25]. The shale is documented as underlying the quartzite, and in
some areas (e.g., some valleys) the shale is exposed at the ground surface. Most parts of the valleys
are filled with quartzite colluvium [26] from the surrounding slopes. Below the colluvium and the
scree, shale can be present [27]. The soils have developed on regolith from this bedrock and/or from
Pleistocene periglacial slope deposits—the so-called periglacial cover-beds. In the geological map of
the “Gebranntes Bruch”, shale layers within the quartzite are shown (Figure le).

At a distance of about 800 m from the “Thranenbruch”, the meteorological station, “Hiittgeswasen”
operates at almost the same altitude (650 m above sea level). Precipitation data have been collected
since 2011, and air temperature data have been collected since 2013. The mean annual temperature
between September, from the onset year of data collection, and September 2018 is 7.9 °C, and the
annual precipitation average is 1024 mm. While the temperature maximum is recorded during summer
(June, July and August), precipitation shows two maxima: a major peak during December and January
and a secondary, lower maximum in summer. The study region shows a typical oceanic climate within
a low mountain range in Western Germany (Figure 2).
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Figure 2. Climate graph for Hiittgeswasen.

The “Thranenbruch” area is subdivided into several parts. South of the wet peatland, there are
several small spruce plantations. Ditches were dug to drain the area, and spruce was subsequently
planted where the peatland was drained in the 19th century. In addition to the previous drainage of
the peatlands for the purpose of developing a forest, several groundwater springs for a drinking water
supply and other infrastructure (e.g., roads) have been built. Some of these artificial springs are located
in the assumed catchment area of the “Gebranntes Bruch”. Additionally, peatlands are drained by
forest tracks and particularly by ditches, created on their uphill side to keep the track negotiable in wet
weather conditions [1]. At present, efforts are made to rehydrate the peatlands, aiming to reestablish
natural peat formation (Figure 3).

For the rehydration and restoration process for the purpose of, restoring these special ecosystems
the spruces were cut down, the ditches were divided by sheet pile walls and the sections in between
filled with a mixture of sawdust and wood chips.

The most common plants are Molinia caerulea and Pteridium aquilinum. Tree species in the area
include Betula pubescens and Picea abies. Different Sphagnum species do also occur. Eriophorum and
Drosera are additionally present, but are less abundant compared to other species. In the catchment
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area, beech (Fagus sylvatica) and spruces are the dominant trees. Within these peatlands, most of
the current species indicate degradation, as such plant species are not specifically known to grow in
healthy peatlands [4] (Figure 1f,g).

Figure 3. Aerial photograph of “Thranenbruch” taken from a drone (1 June 2008).
2.2. Methods

The primary methods employed to prospect the peatlands and their catchment area were ERT,
GPR and rammed Boreholes (B). For the measurements of the ERT, Syscal/Pro and Syscal Junior Switch
72 (Iris Instruments, Orléans, France) were used. ERT makes use of the fact that every material has a
different conductivity. The conductivity is also coupled to several different properties, such as water
saturation, temperature, the chemistry of the pore water, etc. The software package, Res2dinv (Geotomo
Software, Penang, Malaysia), was used to invert the data. To retain a high quality of the ERT data, all
quadripoles with a deviation of 5% or higher between the single measurements were deleted. The total
resolution index was calculated, and parts with a lower index than five have not been interpreted.

In all profiles, the fifth iteration of the standard least square inversion (L2-norm) is shown, since
these results showed a better fitting to the lithological conditions, compared to the robust inversion
(L1-norm) scheme, which was also applied. After the fifth iteration, no significant change in the RMS
error had occurred. The scale for the resistivity values in the tomograms was designed to display all
interpreted areas in one color scale. Wenner-Schlumberger arrays, with 2-m and 3-m spacing consisting
of 936 quadripoles and 72 electrodes, were applied for the characterization of the subsurface lithology.
To create longer profiles but retain a high resolution in the drained part of the “Thranenbruch” site
and at “Gebranntes Bruch”, ERT using the roll-along method was executed. For this approach, several
measurements were combined. Thirty-six of the 72 electrodes of the 936 quadripole-sequences were
removed and rolled along to obtain a longer distance. The profiles and electrodes were located using a
differential GPS system (Leica, Wetzlar, Germany) with Real Time Kinematic (RTK). We used a rover
(GS14) and base (GS10) system. In areas with poor satellite reception, the position of the electrodes
was obtained manually and was subsequently evaluated using a DEM.

The fixed electrodes at the monitoring site were measured monthly. The time-lapse data were
inverted independently, and the percentage difference was calculated. Monitoringl was used, with 1-m
spacing and 36 electrodes, while Monitoring2 had 2-m spacing, using 72 electrodes. Both monitoring
sites were measured using the Wenner-Schlumberger configuration.
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The GPR measurements were meant to show the boundaries of different layers and the changes
of them in different parts of the sections to support the ERT measurements. Along the ERT profiles,
GPR surveys (Sensors & Software, Mississauga, ON, Canada) were performed using 100MHz antennas.
In the catchment area of “Thranenbruch”, only a small section of the profiles could be measured in
such a way. The data were filtered using a bandpass filter (Fc1:40, Fp1:80; Fp2:120, Fc2:160), and
the topography was migrated via GPS data or by LIDAR data, depending on the satellite reception.
The displayed data were gained by SEC2Gain, with an attenuation of six, a starting value of four, with
a maximum value of 500. Additionally, a background subtraction was carried out. All operations have
been performed using the software, Ekko_Project (Sensors & Software, Mississauga, ON, Canada).
The main reflectors of the GPR surveys are marked within the ERT section, and the most important
changes and anomalies are shown in magnified parts, including the raw GPR data.

To support the interpretation of the geophysical data, at least two boreholes at each part of the
study sites were performed to obtain direct data on the structure and layering of the subsurface.
The borehole location was selected to cover typical slope sections and also at the position of anomalies,
found through the interpretation of the geophysical data. The boreholes were rammed using a Wacker
Neuson BH65 (Wacker Neuson, Munich, Germany) demolition hammer. The obtained window
samples of a diameter of 30-80mm were described after WRB in the field [28]. The hydrological and
sedimentological investigations of the described window samples are generalized.

Within the “Thranenbruch”, data were collected along two transects. The first transect was
located within the catchment area of the peatland and extended into the wet parts. The second location
was within the drained part of the former peatland. The collected data in the catchment area of
“Thranenbruch” extended from a beech forest (P2) into the wet parts of the peatland (P1). In contrast
to the other locations, it was neither possible to create a roll-along ERT profile nor to execute longer
GPR profiles than the one shown due to dense vegetation and considerable topography.

At the “Gebranntes Bruch” site, a similar methodological setup to the drained part of
“Thranenbruch” was undertaken, boreholes were drilled, and an ERT transect through the catchment
area and the wet parts of the peatland, combined with a GPR survey of the same length, were performed.

3. Results and Interpretation
3.1. Case Study Site “Thranenbruch”
3.1.1. Catchment Area of “Thranenbruch”

ERT

In the uphill part of profile P1 (Figure 4), three layers are visible in the ERT. The uppermost and
the bottom layer have a relatively low resistance (around 1 k(dm), while the intermediate layer shows
higher resistivity values (around 3 kQdm). At around meter 64 of the ERT, the bottom layer drops out at
the top, with decreasing resistivity values. Underneath this layer, the resistivity values increase again
(around 1 kQm).

In the uphill part of P2, two layers are visible. A higher resistive layer (3-4 k(2m) is shown at the
top, and a relatively low resistive layer at the bottom (around 1 kOdm). Underneath a track (located
at meter 270 in the ERT section), an anomaly, with higher resistivity values (>5 k)m), is present.
Downbhill of this anomaly, up to four alternating high and low resistive layers are visible. While the
resistivity values in the low resistive area are below 1 kQ)m, in the higher resistive areas, between 2
and 3 kOm are present.

GPR

Profile GPR1 (Figure 4) started at the end of P1 and terminated inside the peatland, around
the middle of the ERT profile P1. In the uphill part of GPR1, a clear horizontal layering is visible.
This layering changes from a clear horizontal one to a diffuse one further downhill (Figure 4:M1).
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Additionally, different layers, located below the horizontal layering, drop out closer to the surface,
towards the downhill part.
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Figure 4. Geophysical surveys in the catchment area of “Thranenbruch”.

Boreholes

B1 (Figure 5a) depicts periglacial cover-beds on the top of quartzite regolith. The quartzite regolith
at this location is impossible to penetrate using the drilling equipment. Both layers are almost dry.
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Figure 5. Boreholes: catchment area of “Thranenbruch”: (a) B1, (b) B2.
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B2 (Figure 5b) shows wet and dry layers below a depth of 0.8 m. These layers are partly made of
clay-rich scree, partly of weathered quartzite-rich scree. While the quartzite-rich scree acts mostly as a
water-bearing layer (aquiferous), the clay-rich scree is mostly dense and can be classified as aquitard.
Some layers are a mixture of both materials.

Geoelectrical Monitoring

Monitoring1 shows three layers of different resistivity values (Figure 6a—d). Within the uppermost
parts of the profile, two layers are visible. The northwestern part of the profile shows resistivity values
between 0.5 and 0.8 k(dm, while the resistivity of the uppermost southeastern part fluctuates between
0.25 and 0.5 kQm. Both layers end up at a depth of around 2 m. The bottom layer, underneath these
two layers, is heterogeneous, with relatively low resistivity values, between 0.1 and 0.4 kQm. Figure 6f
shows the 10-day average temperature before the measurement and the cumulated precipitation for
these days.

Figure 6e displays the results of a time-lapse inversion of July 2017 and February 2018 for the data
obtained at Monitoringl. The percentage difference of the resistivity values of both measurements is
calculated. The resistivity values of the uppermost layers fluctuate during the different measurement
times (up to 25%), while the resistivity values within the bottom layer are more or less stable (changes
between —5% and 10%).

3.1.2. Drained Part of “Thranenbruch”

ERT

P3 (Figure 7) shows three parts with different distributions of resistivity values within the area
of investigation. The uppermost layer has low resistivity values. Until meter 110 in the ERT section,
there is a high resistive area (around 1.5 k(dm) below, at a depth of about 2 m. This high resistive layer
is underlain by a layer with lower resistivity values (around 0.5 kQm). In the middle part, starting
at meter 110 in the ERT section, a layer with higher resistivity values drops out. However, a layer
with lower resistivity values (around 0.5 k(dm) on the top of a layer, with higher resistivity values,
is present. In the downhill part of P3, the uppermost layer shows increasing resistivity values, while
the resistivity value of the bottom layer is around 0.1 kOdm. Underneath both layers, the resistivity
value increases.

GPR

The data of GPR2 confirm the subdivision of ERT P3 into three parts. Inside the uphill part of
GPR?2, a clear horizontal layering is visible. In the middle part, different layers, located underneath
the horizontal layers, drop out, and inside the downhill part, diffuse reflectors on top of a stronger
reflector have been detected (Figure 7:M2).

Boreholes

B3 (Figure 8a) shows wet periglacial cover-beds in the uppermost layers, overlying weathering
products of quartzite. The water table inside the borehole was about 20 cm below the ground surface.
The borehole was drilled during a hot summer period, before the ditches were refilled. B4 (Figure 8b)
shows a fossil peat layer at the top, suggesting the previous existence of a peatland. Beneath the peat
layer, there is a mixture of clay-rich scree and quartzite-rich scree until a depth of 5 m. Below this
depth, only gravels made of claystone and clay can be found. The water table inside the hole was
about 80 cm below the ground surface.
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Figure 7. Geophysical surveys in the drained part of “Thranenbruch”.
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Figure 8. Boreholes: drained part of “Thranenbruch”: (a) B3, (b) B4.

Geoelectrical Monitoring

Monitoring? (Figure 9) and Monitoring1 were measured on the same dates. Monitoring? is part
of P3 and ends at the same place. Therefore, the description of the resistivity distribution is analogous
to the last 142 m of P3. The resistivity values of Figure 9a—d varied only slightly during the different
dates of measurement, especially below a depth of 2 m. Figure 9e displays the results of the time-lapse
inversion of the data, from July 2017 and February 2018, for Monitoring2. The resistivity values within
the uppermost layer fluctuate by up to 60%. Below the first depth of 2 m, the resistivity values stay
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stable or even become contrasting to the top (-15-0%), notwithstanding the different meteorological
conditions (Figure 6f).

2

10
14 |

RMS error: 2.8-2.9%

04 1.0 15 Resistivity in
B Y R <Om

Difference in resistivity between July 2017 and February 2018

(e)

R

15 0 15 30 45 Difference
B T TR %

Figure 9. ERT Monitoring2: (a) ERT data from April 2017, (b) ERT data from July 2017, (c) ERT
data from November 2017, (d) ERT data from February 2018, (e) percentage difference between July

and February.
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3.2. “Gebranntes Bruch”

3.2.1. ERT

In the northwestern part of the ERT section (Figure 10), high resistivity values (>5 k()m) are
recorded until a depth of 10 m. Below this layer, the resistivity values decrease (2 k(Om). At meter
64 in the ERT section, the profile intersects with a forest track. In this part of the profile, there is a
layer with lower resistivity values (around 1 kQdm) near the surface and another one at the bottom of
the profile, with a higher resistive area (around 5 kQdm) nested in between. At meter 160 in the ERT
section, it seems that the bottom layer with lower resistivity values dropped out at the surface, which
was caused by a high resistive anomaly, starting at the bottom of the profile. Further downhill, at a
depth of 1-2 m, there are again some layers with higher resistivity values. On top and below these
layers, there are areas with lower resistivity values (around 1 kQim). Starting at the anomaly at meter
230 in the ERT section, a higher resistive layer (>5 k(dm) occurs at the bottom of the profile to a depth
of 15 m. At the end of the ERT section, slightly higher resistivity values (around 2 kQ)m), until a depth
of 2 m, are visible underneath the low resistive layer.

3.2.2. GPR

Uphill of the track, M3 shows several layers dropping out at the surface (Figure 10:M3). Below
these layers, some surface parallel layers are visible. The dropping out of the layers at meter 160
in the ERT section is confirmed by M4 (Figure 10:M4). M5 shows several diffuse layers on top of a
downwelling layer (Figure 10:M5).
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Figure 10. Geophysical surveys of “Gebranntes Bruch”.

3.2.3. Boreholes

In B5 (Figure 11a), periglacial cover-beds, underlain by quartzite regolith, are documented.
The whole borehole is dry. The first meters of B6 (Figure 11b), located at meter 102 in the ERT section,
were almost dry. A small fossil peat layer indicates that there were wetter conditions in the past.
Below the peat, periglacial cover-beds occur on top of quartzite-rich scree. Below a depth of 2.30 m,
the quartzite-rich scree drops out, and clay-rich layers are located. These clay-rich layers are partly
heavily weathered and can be classified as aquitard, whereas other parts remain less weathered and
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are aquiferous. Until a depth of 7 m, reduction and oxidation elements indicate the spatio-temporal
influence of water. Through the findings of the drilling at B7 (Figure 11c), these different layers are
confirmed. In contrast to B6, more different layers occur, and quartzite-rich scree and clay-rich scree
alternate frequently. The different layers can either be classified as aquitard or permeable.
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Figure 11. Boreholes: “Gebranntes Bruch”: (a) B5, (b) B6, (c) B7.

3.3. Conceptual Models of the Subsurface Lithological and Hydrological Conditions

The conceptual models are based on the combination of ERT and GPR data, with the sediment
description obtained from the boreholes. Furthermore, the models are confirmed by several different
parallel and diagonal ERT surveys, with spacings between 1 and 5 m and lengths between 35 and over
450 m (not shown). Additionally, GPR surveys were conducted using 50 MHz antennas, and findings
from seismic refraction surveys (not shown) support the deduced conceptual models.

3.3.1. “Thranenbruch”

The ditches in this area do not drain all the moisture from the peatland. Therefore, it is still wet
enough to retain peat layers in the wetter parts of the “Thranenbruch”.

Catchment Area of “Thranenbruch”

Modell (Figure 12) shows the wet part, including the catchment area of the “Thranenbruch”.
In the catchment area, quartzite is the dominating lithology (B1). This rock is jointed and fractured,
allowing water to pass through until it reaches impermeable layers [4]. Periglacial cover-beds have been
deposited on top of the quartzite. These layers have a low clay content and enable infiltrating water
to percolate. Below the quartzite, the structural conditions suggest the presence of Hunsrueck shale.
The forest track seems to have a strong impact on the subsurface water flow distribution. It appears that
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water collected on top of the shale laterally flows downhill until the track intersects (P2). It is possible
that the track dams the water by compressing the regolith. Downhill of the track, the lithological and
hydrological conditions are more diffuse. There are several different layers. The water constituting
the interflow is able to avoid the proposed damming area of the track and passes this anomaly at a
greater depth under pressure. Hence, this bottom layer shows the lowest resistivity values. The other
layers partly consist of quartzite and partly of shale. In the last hundred meters of the catchment area,
the vegetation changes from beeches to spruces, and the lithology becomes more structured. The dry
periglacial cover-beds and the high resistive quartzite warrant the assumption that the water feeding
the peatland still flows underneath the quartzite. Once the bottom layer drops out to the surface
(P1, GPR1), vegetation changes from a spruce-dominated forest to a peatland dominated in particular,
by Molinia caerulea. Here, the water of the catchment area reaches the surface.

GPR1 shows a high number of different layers at the top edge of the peatland. B2 shows that
some of those layers are aquiferous, some act as aquitard, some have a high clay content, and some
include quartzite regolith. Hence, underneath the peatland, scree and regolith of different bedrock
types occur. Within the peatland, the resistivity values all over the profile are quite low; therefore,
no further differentiation of the subsurface substrate could be conducted yet. Even though P1 and P2,
as well as GPR1 and the invasive data, display a temporal point measurement, Monitoring1 indicates a
more or less stable hydrological system underneath the uppermost meters, notwithstanding changing
meteorological conditions.

M interflow layer NW
|

Aquitard
Loose sediments and peat with high saturation of water

Resi stivity i

0

= Flow direction Interflow e : ‘

—  Peatland
—  Dry soil
- Foresting track

wo9

500 m

Figure 12. Modell: catchment area and wet part of “Thranenbruch”.
Drained Part of “Thranenbruch”

At first glance, the subsurface of the drained part of “Thranenbruch” (Figure 13) seems to be
comparable to the subsurface of the wet part and its catchment area, at least if only the ERT data are
considered (Figures 4 and 7). Uphill, there are periglacial cover-beds on top of quartzite (B3) in a
surface parallel layering (GPR2). In the middle part of the model, near the bottom, layers with lower
resistivity values, possibly shale or water-bearing material, drop out to the surface. Further downbhill,
this layer is still at the surface, but it is drained by ditches that pass through this area.

In contrast to these results, in both boreholes (B3 and B4), the water table was close to the surface.
Therefore, a high amount of water does not pass through the lower resistive bottom part, although it
at least flows through the periglacial cover-beds on top of the quartzite. The hydrological system of
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the drained part of “Thranenbruch” is driven by the interflow through the bedrock and also by water
flowing inside the periglacial cover-beds.

Within the whole “Thranenbruch” area, the hydrological system seems to be more complex than
has previously been assumed. Even though ditches run through the drained part as well as the
less-affected part of the peatland, they experience different degradation stages. Removing the spruce
and re-filling the ditches could help to re-nature the ecosystem. Without deeper knowledge of the
hydrological conditions, the changes may also have no effect. By comparison, in Bl and B3, we see
that the drained part seems to have a better hydrological coupling than the wet part, notwithstanding
the different natural statuses. The results of Monitoring?2 confirm the temporal point measurements of
Model2 below a depth of 2 m during different meteorological conditions. The fluctuating resistivity
values of the uppermost layer indicate a variable moisture content within these layers. Especially,
the uppermost layer is less stable under varying meteorological conditions, and the water table shown
in B3 and B4 is probably more variable than that shown in Model2.

Il Interflow layer
Il L oose Sediments with high saturation of water

M Aquitard

NW

4= Direction of interflow
== Ditch

05 09 14 Resistivity in
kOm

wog

500 m

Figure 13. Model2: drained part of “Thranenbruch”.
3.3.2. “Gebranntes Bruch”

Model3 (Figure 14) indicates that the situation in “Gebranntes Bruch” is partly comparable to the
one in “Thranenbruch”. According to the geological map (Figure 1e), clay shale layers are embedded
within quartzite bedrock. While these layers are well segmented in the first section of the peatland
(B6, GPR3), they are more heterogeneous downslope (B7). Inside these layers, there are parts acting as
aquitard and others as water-bearing. Wherever these aquifers drop out at the surface, water feeds the
peatland (M4). Due to the high amount of water, it is necessary that the aquiferous layers have a bigger
catchment area and obtain their moisture from the parts below the jointed quartzite uphill. Hence,
this peatland is fed more by interflow than precipitation. As documented in B7 and M5, there must be
areas within the bedrock which act as sediment traps and are filled with scree. While the GPR-data
indicate this differentiation (M6), the ERT data do not support this assumption.



Geosciences 2019, 9, 118 16 of 19

Loose sediments and peat with a high saturation of water
Interflow layer

Aquitard

Periglacial cover-beds with moderate watersaturation
Peatland

Recently dry
Foresting track
Direction of interflow

Resisivity in
KQm

wos

Figure 14. Model3: “Gebranntes Bruch”.

4. Discussion and Conclusions

The presented findings are based on single measurements; nevertheless, the integration of the
geoelectrical monitoring data, collected at different times of the year, allowed representative conceptual
models, related to different meteorological situations, to be deduced. While the water content of the
uppermost layers changes with weather conditions, the bottom layer seems to be more stable and
changes to a lesser extent. The ecological classification, as a transition bog [4], can be confirmed
hydrogenetically as a slope bog. The direct precipitation influences the hydrology of the peatland
as well as the interflow in the subsurface. Especially, the monitoring data in combination with the
precipitation and temperature data indicate that there are several forces that drive the hydrology and
hydrogeology of the peatlands.

The results of our study agree partly with the statements from other scholars [5], who suggest
that the water passes the permeable quartzite and flows on the aquitard shale downslope. Where
the shale drops out close to the scree, the interflow on top of this aquitard layer flows to the surface
and creates a spring, feeding the peatlands. Especially, the clay-rich regolith and scree, as well as the
cover-beds, reduced the re-infiltrating into the subsurface and stagnant conditions on top of these
layers. It should be noted that shale is not the sole supplier of aquitard material. Another scholar
showed different areas in which slope bogs are common, without the dropping out of quartzite on
top of shale [4], while yet another indicated that clay-rich layers inside the quartzite and the partly
impermeable quartzite itself supply those layers [25]. Our results support these assumptions.

Even though clay-rich periglacial cover-beds are documented in the boreholes, the results indicate
that high water contents, with the accumulation of peat, are more common in clay-rich shale regolith
or scree than above periglacial cover-beds. This stands in contrast to the results of one scholar [29]
for the Eastern Hunsrueck, where the clay-rich periglacial cover-beds caused stagnant conditions and
impeded the infiltrating of water.

The results of the ERT and the GPR indicate an anticlinal folding of the horsts [24,25] in
“Thranenbruch”, while there is no hint in the data of “Gebranntes Bruch” of a folding. Especially,
the angle between the top of different layers and the surface are in support of this. However,
the presented results are not meant to display the folding.

Clay-rich layers show a high electrical conductivity, similar to layers with high water saturation
or peat content [30,31]. Therefore, it is not always easy to determine whether the detected areas, with
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lower resistivity values, are saturated with water or have a high clay content, or both. One scholar
already described the same problem in peatlands in Egypt [32]. As a consequence, it seems to
be advisable to try to collect more direct data through drilling at other sites. Other scholars have
demonstrated that the resistivity of wet peat can be in the range of 150-370 Om [6,11]. In other areas
of investigation, even resistivity values below 50 (Om are documented [12,15]. In this study, the range
is even higher than 370 Qm (up to 800 (dm). The reason for the slightly higher resistivity of the peat in
our study sites could be the small-sized peat bodies in parts of the “Thranenbruch”, which only had
a peat thickness of between 0.4 and 1.10 m, and the influence of anthropogenic drainage still being
strong, the peat could partly not even be displayed within the ERT data of Monitoring1. Nevertheless,
scholars have reported a high variability of conductivity even in a single peatland due to a difference
in pH values, the mineral input of the precipitation, and mineralization within the peatland [33].
Additionally, the inflow of the water feeding the peatland can have various resistivity values, which
change a lot in time and space [15]. The more or less stable resistivity values of the monitoring data,
underneath the uppermost two meters, indicate that this seems not to be the main reason for the high
values. The variability of resistivity is even higher if different peatlands are compared [34]. Caused
by the small sizes of the peat in our area of investigation, parts of them can only be displayed within
Monitoring1, with 1-m spacing. However, the range of the resistivity of the other lithology elements is
quite high, but still within a typical range [35,36]. Compared to other studies [14,37], it was not possible
to point out distinct layers within the peat body with the GPR antennas used; however, the GPR results
could be used to support the interpretation of the ERT data.

Nonetheless, one scholar indicated a higher influence of the site and soil characteristics on the
interflow runoff than the forest type [38], however the influence from vegetation on interflow resistivity
distribution is still high [19]. Especially, the spruce with a high water consumption and interception [39]
has a huge impact on water distribution and needs further investigation.

Based on our findings from the field measurements, the hydrological conditions of “Gebranntes
Bruch” seem less complex than those of “Thranenbruch”. Below the forest track (e.g., Figure 1),
shale layers are documented within quartzite. Wherever the shale drops out at the surface, the dammed
water on top feeds the peatland.

The conceptual models are based on several different data and the interpretation of these data
(i.e., additional ERT measurements, with between 1-m and 5-m spacing, GPR-profiles, with 50 MHz
antennas, and seismic refraction). Due to the high number of datasets, only the most representative
data are shown. Nevertheless, the deepest parts of the models have an especially thin database.

The study demonstrates the value of subsurface investigations to obtain insights into the
catchment areas of peatlands. While the need of a catchment area for this type of bog is already
known, our work shows the high number of different interflow layers in a complex hydrogeological
system. The non-invasive ERT is not only a promising method when applied within bogs and peatlands,
but it also finds suitable application within their catchment areas. ERT assists a characterization of the
subsurface lithology and hydrogeological conditions, because it makes the different paths of water
visible. However, it should be supported by other methods, such as GPR, and the findings should
be confirmed by direct methods, such as borehole drilling. At the selected case study sites, small
differences in subsurface properties can have a huge impact on the subsurface hydrogeology and the
water paths. The results and interpretation presented herein allow us to delineate the different and
complex subsurface water pathways within the catchment area of slope bogs. The knowledge of the
complex hydrology of the catchment areas and the different aquifers feeding the slope bogs enables
a better protection and renaturation of these rare ecosystems. More research, with a higher spatial
coverage, would be helpful for improving the different protection efforts.
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