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ABSTRACT

Sedimentary features in large fine-grained valley fills potentially influence regional groundwater flow and
solute turnover processes, yet could be missed with classical site characterization approaches. Hydraulically
relevant features, such as gravel-filled channel structures, particularly control the transport pathways and
residence times of solutes. In turn, biogeochemically relevant features, such as zones of high organic carbon
content, are responsible for the turnover capacity in aquifers. Such features should therefore be reliably
identified and characterized in terms of their geometry, internal heterogeneity, and hydraulic and
biogeochemical properties. Along these lines, this thesis aims to characterize sedimentary features in fine-
grained valley fills via a combination of complementary geophysical and hydrogeological methods.

At first, typical sedimentary features are identified in a representative fine-grained valley fill in a
hydrogeological site characterization. The influence of individual features on the hydrogeology and
hydrochemistry of the valley is discussed based on the depositional history of the valley fill and simplistic
water balance calculations. Two exemplary features, a gravel channel, potentially influencing the water
balance and a peat layer, functioning as a biogeochemical hotspot, are subsequently characterized on their
spatial extent and hydraulic and biogeochemical properties, respectively.

In a second step, target-specific methods are developed to reliably delineate the spatial extent of the
sedimentary features based on their contrasting properties to the surrounding sediments. The gravel channel
is identified as a higher resistive anomaly in electrical resistivity tomography (ERT) measurements.
Therefore, I developed a method to identify suitable measurement configurations to map the geoelectric
signature of the channel across the entire valley [Klingler et al., 2020a]. The dark peat layer in turn show
strong color contrasts to the surrounding sediments. Thus, I recorded vertical logs of the in-situ sediment
colors via an optical direct-push probe to map the peat layer within the floodplain [Klingler et al., 2020b].
The color logs resolve the layer contacts of individual colorfacies and indicate the in-situ distribution of
organic carbon in the sedimentary sequence.

Finally, both previously developed methods are integrated into a combination of different geophysical and
hydrogeological investigation techniques to characterize the hydrogeological and hydrochemical influence
of the exemplary features [Klingler et al., 2021]. The thickness and internal heterogeneity of the gravel
channel is characterized by different direct-push probings within the geoelectrically mapped extent. The
geometry and hydraulic properties of the peat layer are determined by the color logs and additional direct-
push methods.

These steps of a targeted characterization of sedimentary features via complementary investigation
techniques limit labor-intensive measurements to representative locations in the delineated subareas of the
study area. This way, relevant hydraulic and geochemical properties are measured only at representative
locations via pumping tests and sediment samples. The approach is therefore applicable to efficiently
characterize large areas, enables the integration of newly developed and target-specific methods, and allows

a targeted characterization of features of interdisciplinary relevance.






ZUSAMMENFASSUNG

Sedimentére Strukturen in feinkdrnigen Talfiillungen beeinflussen regionale GrundwasserflieBpfade und
Stoffumsetzungsprozesse oft stark, konnen jedoch im Rahmen einer klassischen Standorterkundung leicht
iibersehen werden. Dabei bestimmen besonders hydraulisch relevante Strukturen, wie beispielsweise
grobkornige Rinnenstrukturen, die Transportpfade und Verweilzeiten eingetragener Schadstoffe.
Biogeochemisch relevante Strukturen, wie beispielsweise Zonen mit hohem Kohlenstoffgehalt, bestimmen
hingegen das Abbaupotential eingetragener Schad- und Spurenstoffe im Untergrund. Diese Strukturen
sollten im Rahmen einer Standorterkundung zuverlissig erfasst werden und auf ihre Ausdehnung, interne
Heterogenitét und ihre hydraulischen und biogeochemischen Eigenschaften untersucht werden. Das Ziel
dieser Dissertation ist es daher, abgrenzbare sedimentdre Strukturen durch eine Kombination
unterschiedlicher geophysikalischer und hydrogeologischer Methoden gezielt zu untersuchen.

Zunichst werden typische sedimentére Strukturen in einer reprisentativen feinkdrnigen Talfiillung durch
eine grofiflachige hydrogeologische Standorterkundung erfasst. Der Einfluss einzelner Strukturen auf die
Hydrogeologie und Hydrochemie der Talfiillung wird anhand ihrer Ablagerungsgeschichte sowie
vereinfachender Wasserbilanzrechnungen diskutiert. Zwei der erfassten Strukturen, eine Kiesrinne mit
moglichem Einfluss auf die Wasserbilanz und eine Torfschicht, die als biogeochemisch aktive Zone
fungieren konnte, sollen im Folgenden gezielt auf ihre Ausdehnung und hydraulischen, beziechungsweise
geochemischen Eigenschaften untersucht werden.

Daher werden in einem zweiten Schritt zuverldssige Methoden entwickelt, um die Ausdehnung der
sedimentiren Strukturen anhand abgrenzbarer Eigenschaften groBflachig zu erfassen. Die Kiesrinne kann
als hochohmige Struktur in einer geoelektrischen Tomographie (ERT) erfasst werden. Daher wird eine
Methode entwickelt um passende Messkonfigurationen zu bestimmen, mit denen die geoelektrische Signatur
der Kiesrinne {iber das gesamte Tal verfolgt werden kann [Klingler et al., 2020a]. Die dunkeln Torflagen
lassen sich hingegen durch ihre Sedimentfarbe vom umgebenden Sediment abgrenzen. Daher werden
Vertikalprofile der in-situ Sedimentfarbe mithilfe einer optischen direct-push Sonde gemessen um die
Torfschicht in der Talfiillung hochauflosend auszukartieren [Klingler et al., 2020b]. Die Vertikalprofile der
Sedimentfarbe erfassen die Schichtgrenzen einzelner Farbfazies und lassen zudem auf die Verteilung des
organischen Kohlenstoffs im Sediment schliefen.

AnschlieBend werden die zuvor entwickelten Methoden in eine Kombination aus verschiedenen
geophysikalischen und hydrogeologischen Erkundungsmethoden eingegliedert, um die ausgewéhlten
Strukturen gezielt auf ihren hydrogeologischen und hydrogeochemischen Einfluss zu untersuchen [K/ingler
et al., 2021]. Die Kiesrinne wird im geoelektrisch auskartierten Bereich mit direct-push Sondierungen und
bohrlochgeophysikalischen Messungen auf ihre Méchtigkeit und interne Heterogenitit untersucht. Die
Torflagen werden durch die Farbsondierungen und weitere direct-push Sondierungen auf ihre Ausdehnung
und ihre hydraulischen Eigenschaften untersucht.

Diese Schritte einer gezielten Untersuchung sedimentérer Strukturen mithilfe von komplementiren

Erkundungsmethoden beschrinken arbeitsintensive Messungen auf wenige, reprisentative Ansatzpunkte in



auskartierten Teilbereichen des Erkundungsgebiets. Dadurch miissen die hydraulischen und geochemischen
Kennwerte ausschlieBlich an représentativen Ansatzpunkten in Pumpversuchen oder aus Sedimentproben
erhoben werden. Dieser Ansatz ist daher auch in gro3flichigen Arbeitsgebieten effizient einsetzbar, erlaubt
die Eingliederung neuer, zielspezifisch entwickelter Methoden und ermdglicht auch die gezielte Erkundung

von Strukturen mit interdisziplinidrer Relevanz.
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1. Introduction

1. INTRODUCTION

Sedimentary valley fills connect the hills of a catchment to its draining river and usually function as
hydraulic and geochemical buffer zones for flood events and groundwater pollutants [Burt et al., 1999;
Haycock and Burt, 1993; Weng et al., 2003]. Geogenic pollutants may originate from bedrock weathering
and infiltration in the upstream catchment [Bondu et al., 2018; Jia et al., 2018; Stalder et al., 2012],
anthropogenic pollutants are mostly introduced via point and distributed sources of contaminated sites and
agricultural land use within the valley fill [Burri et al., 2019; Schwarzenbach et al., 2010]. For example, an
excessive application of manure as well as Nitrogen based fertilizers have been linked to elevated Nitrate
levels in the groundwater [Burri et al., 2019; Rodvang et al., 2004; Spalding and Exner, 1993]. Within the
valley fill, such pollutants can be transported downstream along the prevalent groundwater flow and
transport pathways and pose a threat to potential drinking water sources and surface water bodies [de Souza
et al., 2020; Sjerps et al., 2019; Spalding and Exner, 1993; Syafrudin et al., 2021]. Groundwater flow and
the fate of solutes in the valley fill thereby strongly depends on the site-specific geological conditions. Well
sorted, coarser grained deposits serve as aquifers and preferential flow paths with high groundwater
discharge. In contrast, favorable conditions for solute turnover, such as the heterotrophic denitrification, are
common in fine-grained zones with high organic carbon content [Petersen et al., 2020b]. Consequently, a
hydrogeological site characterization needs to be conducted on the valley-wide scale (hereinafter referred to
as the regional scale) to determine the dominant groundwater flow and transport pathways and ultimately

delineate groundwater and surface water protection zones.

Most hydrogeological site characterizations of valley fills focus on coarse-grained, transmissive aquifers
used as drinking water resources [Heinz and Aigner, 2003; Kostic and Aigner, 2007; Wiederhold et al.,
2008]. Here, the regional geology is dominated by fluvial gravel and sand deposits from large braided or
meandering river systems with high transport energy. Most fine-grained sediments were eroded by repeated
river channel incision and migration over time. Relatively thin, disconnected zones of fine sediments may
be preserved in the sediment record, yet show negligible influence on the hydrogeology of the valley fill.
Overall, most coarse-grained valley fills can be conceptualized as rather homogeneous, high transmissive
aquifers with relatively uniformly distributed effective hydrogeological behavior. In contrast, fine-grained
valley fills in the mid-section of small to medium rivers are often considered as low transmissive bodies of
clay-rich sediment. However, they usually show a more complex geology with different alluvial and
colluvial deposits [Gibbard and Lewin, 2002; Newell et al., 2015; 0) Dochartaigh et al., 2018; Petersen et
al., 2020a]. The sediments were predominantly deposited in strongly contrasting depositional environments
of low-energy fluvial settings (see Chapter 1.1). Coarse sediments from the upstream catchment were
deposited in river channels, fine-grained sediments — often with high organic carbon content — were
deposited in overbanks, wide floodplains and stagnant water bodies. Along the fringes of the valley fills,
poorly sorted hillslope deposits from mass movements formed sedimentary fans interfingering with the
central valley lithologies. Lateral migration of these depositional environments, strong climatic changes

1



1. Introduction

throughout the Holocene, and anthropogenic influences also led to strong changes in the sediment load,
precipitation, and vegetation with time [Gibbard and Lewin, 2002; Hagedorn and Rother, 1992]. Therefore,
fine-grained valley fills show horizontally (spatial) and vertically (temporal) heterogeneous sediments with
strong contrasts in texture and composition over short distances. The spatial extent of individual sedimentary
features is much smaller than the valley extent and could range from centimeter thin peat layers through
meter-wide river deposits to valley-wide floodplain clays. The distribution and connectivity of these
sedimentary features of contrasting sedimentary, hydraulic, and geochemical properties could strongly
influence the regional groundwater flow and solute turnover processes in the valley fill. As an example, a
coarse-grained paleo-channel could serve as a preferential flow path with increased discharge and reduced
contaminant travel times along the valley fill. This way, solutes could bypass the organic-rich zones of the
surrounding fine-grained sediment matrix and discharge to downstream surface waters. In such landscapes,
assuming a homogeneous body of low transmissive sediments with high solute turnover capacity would lead
to an erroneous assessment of subsurface contaminant transport and turnover. As a result, a detailed
hydrogeological site investigation in fine-grained valley fills also needs to identify, delineate, and
characterize the internal sedimentary features for accurate estimates of the groundwater discharge and fate

of contaminants.

In practice, regional hydrogeological site characterizations are commonly conducted via drilling cores and
monitoring wells with subsequent interpolation of the geology, hydraulic and geochemical properties, and
hydrochemical conditions in between. Hydraulic properties are commonly derived from grain size analysis
and permeameter tests on core samples or slug and pumping tests in groundwater monitoring wells. The
geochemical and hydrochemical properties are derived from field and lab measurements of sediment and
groundwater samples. Field probes allow a rapid measurement of groundwater pH, temperature, and
electrical conductivity in monitoring wells. Lab measurements additionally yield the total organic carbon
(TOC) content from loss-on-ignition measurements, groundwater ages from isotopic analysis, and
sedimentary provenance and mineralogy of individual clasts and grains. Overall, these measurements are
based on point-scale core drillings and monitoring wells with a very small support volume compared to the
spatial extent of large valley fills. Hence, an upscaling of few, semi-randomly placed point measurements
in heterogeneous fine-grained valley fills remains challenging and sedimentary features could be missed. To
counter this, relevant locations and sedimentary features need to be identified and delineated prior to the
point-scale measurements. This way, only few targeted in-situ tests and samples at representative locations

are required to efficiently characterize the relevant parameter distribution.

Here, surface geophysical methods serve as valuable tools to continuously image the subsurface and fill in
the gaps between individual point measurements. Surface geophysical methods are generally non-invasive
and scalable to the required support volume [Slater, 2007]. Ground penetrating radar (GPR) and seismic
methods measure the propagation of electromagnetic and seismic waves, respectively [Paz et al., 2017,

Rabbel, 2006]. GPR measurements yield vertically highly resolved images of the subsurface and have been
2



1. Introduction

applied to map peat layers [Comas et al., 2015], sedimentary heterogeneity [Kostic and Aigner, 2007], and
aquifer thickness [Doetsch et al., 2012]. On the other hand, seismic measurements have been applied to map
clayey aquitards [Hoffimann et al., 2008] and hydrofacies in gravel bodies [Heinz and Aigner, 2003].
Electromagnetic and geoelectric methods in turn resolve the spatial distribution of the bulk electrical
conductivity or resistivity, respectively [Binley and Kemna, 2005; Robinson et al., 2008]. In hydrogeological
studies, electromagnetic methods have been applied to map aquifers at the km? scale or buried channels
therein [Danielsen et al., 2003; Knight et al., 2018; Siemon et al., 2009]. Geoelectric measurements have
been applied for spatial mapping of contaminant plumes [Maurya et al., 2017; Urish, 1983] and sedimentary
heterogeneity [Klefstad et al., 1977] as well as highly resolved imaging of aquifer thickness and internal
channels from tomographic measurements [Khaki et al., 2016; J M Martin et al., 2019]. Unfortunately, the
depth of penetration of these methods is limited in fine-grained sediments and the spatial resolution generally
decreases with depth. As an example, GPR measurements are not applicable to image electrically
conductive, fine-grained environments due to the strong attenuation of electromagnetic waves [Comas et al.,
2015]. Therefore, no single geophysical method provides the required spatial coverage, resolution, and

parameter sensitivity to characterize all lithological layers, let alone contrasting sedimentary features therein.

In this regard, surface geophysical methods with large spatial coverage are combined with subsequent
vertical profiling and targeted sampling [Dorr et al., 2017; Hoffmann et al., 2008; Vienken et al., 2012]. For
this, the spatial distribution of indicative geophysical parameters is usually recorded along several profiles
across the site by surface geophysical measurements [e.g. Hoffmann et al., 2008]. Subsequent inversion of
the data indicates a probable distribution of the targeted geophysical property in the subsurface. Due to the
equivalence problem and the non-uniqueness of integral geophysical measurements this solution only
represents one of many possible solutions [Flathe, 1976]. Nevertheless, the geophysical measurements
mainly help to delineate different sedimentary features with contrasting geophysical properties to the
surrounding sediment and identify suitable subareas and locations for subsequent targeted in-situ
measurements [Schelenz et al., 2017; Utom et al., 2019]. To this end, direct-push based measurements are
versatile methods to record a vertical parameter distribution at a single location and are rapidly applicable
to cover larger areas by multiple probings [ Dietrich and Leven, 2009; McCall et al., 2005]. Individual probes
have been used to measure the vertical distribution of electrical conductivity [e.g. Hoffmann et al., 2008;
Wunderlich et al., 2018] or relative hydraulic conductivity [McCall and Christy, 2020]. These methods
provide highly resolved logs with an accurate depth allocation compared to core drillings with potential core
loss. Nevertheless, all of these geophysical methods do not measure the sedimentary, hydraulic, and
geochemical properties directly, yet site-specific relationships need to be derived from individual
geophysical properties [Hubbard and Rubin, 2000; Slater, 2007]. For example, zones of contrasting
geoelectric resistivity have been mapped to interpret the distribution of clay content [Schulmeister et al.,
2003] or pore water salinity [Herd and Schafrik, 2017; Rahman et al., 2021]. In any case, only absolute

measurements by invasive point-scale sampling can verify the interpreted subsurface distribution of the
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1. Introduction

targeted properties. Consequently, geophysical methods cannot replace hydraulic tests and sediment and

groundwater sampling at the targeted locations but help delineate and identify representative locations.

The work in this thesis aims to improve the targeted hydrogeological characterization of sedimentary
features in fine-grained valley fills via geophysical and hydrogeological investigation techniques. It was part
of the Collaborative Research Center “CRC 1253 CAMPOS — Catchments as Reactors: Metabolism of
Pollutants on the Landscape Scale” at the University of Tiibingen with a main focus on hydrogeological
and biogeochemical processes in different landscape elements of the Ammer catchment near Tiibingen, such
as the karstic bedrock, sedimentary valley fills, the soil zone, and surface water bodies. Therein, the
subproject P3. Floodplain Hydrology focused on the geological and structural controls on groundwater flow
and transport processes in the extensive Ammer valley floodplain. As a result, the concepts and methods
within this thesis have been developed on the basis of the Ammer valley floodplain as a representative fine-

grained valley fill in Europe, yet are transferrable to similar sites.



1. Introduction

1.1.Depositional History and Geology of fine-grained valley fills in Europe

Quaternary fine-grained valley fills are often conceptualized as a homogeneous body of sediment with
uniform sedimentary, hydraulic, and geochemical properties. In the northern hemisphere, however, strongly
changing depositional environments in the Pleistocene generally resulted in a rather stratified sedimentary
sequence of different lithologies [Collins et al., 2006; Dabkowski, 2020; Hagedorn and Rother, 1992; 10)
Dochartaigh et al., 2018; Vandenberghe, 1995; Zdk et al., 2002].

The Pleistocene period was dominated by several cycles of inter-glacial sedimentary deposition and late-
glacial erosion and valley incision [Gibbard and Lewin, 2002; Vandenberghe, 1995]. The latest glacial
period ranged from 126 to 11.6 thousand years before present (ka BP) with its glacial maximum between
26.5 ka and 20 ka BP [Clark et al., 2009]. At the end of this last glacial maximum, strong melt water
discharge with high transport energy led to the erosion of previously deposited sediments and additional
valley incision across Europe [Clark et al., 2004; Hanebuth et al., 2009]. As a result, todays fine-grained
valley fills mostly comprise sediments which were deposited in the Holocene [Dabkowski, 2020; Heidgen
et al., 2020; Lespez et al., 2008; Lininger and Wohl, 2019]. Sediments of previous cut and fill cycles are
preserved at the bottom of the valley fill or as terrace deposits along the hillslopes, if at all [Gibbard and
Lewin, 2002; Vandenberghe, 1995].

Across Europe, clayey gravel deposits at the bottom of the valley fill represent a fundamental change from
an erosional to a depositional stage in the late Pleistocene and early Holocene [Collins et al., 2006; Gibbard
and Lewin, 2002; Vandenberghe, 1995; Zdk et al., 2002]. Additionally, interfingering and poorly sorted fan
deposits suggest repeated sediment input from the surrounding hillslopes via erosion and mass movements
[e.g. in O Dochartaigh et al., 2018]. The depositional environment at these times could be compared to
recent tundra environments in the arctic circle. These peri- and late-glacial tundra landscapes subsequently
transitioned into boreal landscapes with decreasing water and sediment flux during a relative warming at the
beginning of the Holocene (11.7 ka BP). The subsequent early to middle Holocene (11.7 ka — 4 ka BP) was
dominated by humid climate with stable seasons and warm average temperatures [Mayewski et al., 2017;
Wanner et al., 2008]. Forests and swamps with semi-aquatic vegetation developed across Europe. As a
result, the associated sedimentary record often comprises fine-grained overbank, floodplain, and lacustrine
deposits with abundant organic-rich layers and large peats and bogs [Collins et al., 2006, Corradini et al.,
2020; O Dochartaigh et al., 2018]. In addition, carbonate sands and muds formed in areas with a surplus of
calcium carbonate in groundwater from karstic carbonate bedrock [Dabkowski, 2020; Lespez et al., 2008;
Pedley, 1990; Zdk et al., 2002]. These tufa and gyttja sediments formed by autochthonous carbonate
precipitation at shallow water depths of a few decimeters. They are, however, very fragile and are only
preserved under very stable environmental conditions with little transport energy requiring stagnant to slow

moving waters [Pedley, 1990; Pedley et al., 2003].
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The natural depositional environment and vegetation of the last ~7 ka is often barely reconstructable in many
valley fills due to anthropogenic influence, such as river channelization, drainage of agricultural land, peat
mining, and deforestation [Collins et al., 2006; Dabkowski, 2020; Frauendiener, 1963; Heidgen et al., 2020].
Nevertheless, in many European valley fills, swampy and lacustrine environments ceased to exist during the
Sub-Atlantic (2.6 ka BP — today) and extensive floodplains developed with a single discharging river and
thick alluvial fines [Collins et al., 2006; Gibbard and Lewin, 2002; Lespez et al., 2008; Zdk et al., 2002].

Overall, these strong changes in climatic conditions and the depositional environment since the late
Pleistocene led to a stratified sedimentary record with very different lithologies and an overall fining
upwards trend. Therein, sedimentary features, such as paleo-channels, peat layers, or clay lenses exist within
a predominantly fine-grained lithological sequence. Due to the very site-specific changes in sediment
sources and flux, water discharge, and vegetation, these features show very site-specific geometries and
internal sedimentary properties. Typical sedimentary features in fine-grained valley fills are identified and

discussed in Chapter 3.3.
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2. OBJECTIVES AND STRUCTURE OF THIS THESIS

The main objective of my research is to improve the assessment of sedimentary features in large, fine-

grained valley fills. These features might strongly control the regional hydrogeology and hence must be

reliably identified, delineated, and characterized for their relevant properties. I conduct this target-specific

investigation via complementary geophysical and hydrogeological methods from the broad “foolbox of site

characterization methods ““. Two major shortcomings in this toolbox serve as cornerstones to this thesis:

Geoelectric methods have been used to resolve hydrogeologically relevant features with contrasting
electrical resistivity. The required electrode configuration for a site- and target-specific mapping,
however, is so far determined by trial and error mapping with various electrode spacings or based
on synthetic simulations assuming a homogeneous subsurface. To this point, no metric has been
defined to identify a site- and target-specific electrode layout from preliminary geoelectric

measurements.

The total organic carbon content serves as a key indicator for potential biogeochemical turnover, yet
may only be quantified from sediment samples in the lab. Layers related to these samples may be
traced by geophysical methods, which, however, commonly struggle in vertical resolution and
penetration depth in fine-grained sediments. In contrast, optical vertical profiling tools show a depth-
independent high resolution, yet have not been applied to map organic carbon at depths below the

soil zone.

The following thesis addresses the major objective and both shortcomings in three research questions on the

example of the Ammer valley near Tiibingen, a representative fine-grained valley fill:

1) What are typical sedimentary features and are they relevant to the regional hydrogeology?

2) Which methods allow a targeted mapping of sedimentary features ...

a. ...relevant to the hydrogeology and water balance of the system?

b. ... relevant to the biogeochemistry and solute turnover of the system?

3) How can such features be characterized efficiently over large areas?
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2.1.Structure
The structure of my thesis puts the following publications into context (Figure 1):

[S Martin et al., 2020] | Structural controls on the hydrogeological functioning of a floodplain
(see publication in the Appendix)

[Klingler et al., 2020a] | Anomaly effect-driven optimization of direct-current geoelectric mapping surveys

in large areas (Chapter 4)

[Klingler et al., 2020b] | Direct-Push Color Logging images spatial heterogeneity of organic carbon in
floodplain sediments (Chapter 5)

[Klingler et al., 2021] | Kombination geophysikalischer und hydrogeologischer Methoden zur gezielten
Erkundung feinkorniger Talfiillungen (see manuscript in the Appendix)

Part I: [ Regional (hydro-)geology ]

Sedimentary G G G’ @ G
Features /
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Gravel channel Peat layers Clay windows Hillslope hollows T e

- U U U

Anomaly effect :
. . Direct-push color
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Figure 1: Typical steps of a multi-scale site characterization and structure of this thesis. The colored boxes indicate the identification of
sedimentary features on the regional scale, method development for targeted mapping and subsequent detailed
characterization of the exemplary features covered in this thesis, gray boxes indicate future work in the Ammer valley
floodplain and the potential for additional method development.

Part I - Sedimentary Features

First, I present the regional hydrogeological setting of the Ammer valley near Tiibingen (Chapter 3). In close
collaboration with Simon Martin, we have developed a conceptual geological and hydrogeological model
from drill cores and groundwater monitoring [S Martin et al., 2020]. Additionally, we have identified various
typical sedimentary features within the valley fill, which may strongly influence the regional hydrogeology.
Based thereon, we have emphasized the need to map and parameterize these features in a hydrogeological

site characterization of fine-grained valley fills.

To address this need, I have targeted two typical sedimentary features in these settings: a gravel channel,
which might increase the groundwater discharge and control the overall water balance, and peat layers,
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which might serve as biogeochemical hotspots and facilitate solute turnover processes in the valley fill. For
both of these targets, I have developed specific methods to map their spatial extent (Part Il — Method
Development) and used a site-specific combination of geophysical and hydrogeological methods to

characterize each feature in the Ammer valley (Part Il — Targeted Characterization).

Part II - Method Development

In Chapter 4, I propose a targeted geoelectric mapping with a fixed electrode spacing to trace a resistivity
anomaly (such as a higher-resistive gravel channel) away from an initial ERT profile. The objective of this
chapter is, to determine a site- and target-specific electrode spacing for large scale geoelectric mapping
campaigns. To this end, I have revisited the concept of anomaly effects to determine the spatial variability
of apparent resistivity in geoelectric data and to delineate the lateral extent of a resistivity anomaly.
Subsequently, I have improved the calculation of anomaly effects to account for spatial trends in subsurface
resistivity and indicate a suitable electrode spacing by the largest range of anomaly effects per pseudodepth
in ERT data. This method has successfully been tested on synthetic scenarios, as well as an ERT data set

from the Ammer valley [Klingler et al., 2020a].

In Chapter 5, I propose in-situ measurements of the sediment color to map peat layers in the subsurface and
determine a spatial distribution of organic carbon. To this end, I have measured in-situ direct-push color
logging profiles in order to identify different colorfacies by cluster analysis of the sediment colors.
Additionally, this method utilizes a site-specific relationship between sediment color and TOC from lab
measurements and core samples to map the spatial extent of individual colorfacies by densely spaced logs.
The in-situ color logs provide an outcrop-like image with vertical resolution in the centimeter range and help
to identify relevant sampling locations for further analysis. In addition, they prove to be more accurate in
depth allocation and layer thickness than core drillings, which might suffer from compaction and core loss.
The in-situ color logging, cluster analysis and site-specific TOC correlation has been introduced and applied

in a subsection of the Ammer valley floodplain [Klingler et al., 2020b].

Part III - Targeted Characterization

Finally, I demonstrate the targeted characterization of a gravel channel and an exemplary peat layer in the
Ammer valley by complementary geophysical and hydrogeological methods (Chapter 1). For this, I have
combined the methods introduced in Chapter 4 and 5 with vertical geophysical logs, in-situ sampling, and
hydraulic testing to resolve the targeted sedimentary, hydraulic, and geochemical properties. From these
results, I could estimate the influence of each structure on the overall hydrogeology and hydrochemistry of

the Ammer valley [Klingler et al., 2021].
Contributions

This thesis emphasizes the internal heterogeneity of fine-grained valley fills on the example of the Ammer
valley floodplain and presents a flexible approach to investigate sedimentary features therein. The methods
developed within this thesis enhance the “foolbox of site characterization methods” with a strong focus on
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spatial mapping in fine-grained sediments.

The general workflow of surface geophysical measurements combined with highly resolved vertical
profiling allows a rapid characterization of large sites. This way, sedimentary, hydraulic, and (bio-)
geochemical properties can be determined by targeted sampling and put into context to the regional
conditions. Even though it is presented in a hydrogeological context in this thesis, the approach of a multi-
scale site characterization is applicable to any problem, where subsurface features need to be detected and

mapped prior to detailed investigations (e.g. paleo-environmental reconstruction or archaeology).
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Sedimentary Features

The first part of this thesis aims to conceptualize the geological and hydrogeological setting of a typical fine-
grained valley fill. This requires a sound understanding of the regional geology, such as the bedrock
morphology, the main lithofacies, and their thicknesses in the valley fill, as well as of the regional
hydrogeology, such as the main hydrofacies and their hydraulic and hydrogeochemical properties.
Therefore, Chapter 3 summarizes a regional site characterization and presents potentially relevant
sedimentary features on the example of the Ammer valley floodplain near Tiibingen, a representative fine-

grained valley fill in temperate climate.

The content of this part is published as part of:

[S Martin et al., 2020] — Structural controls on the hydrogeological functioning of a floodplain
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3. A typical fine-grained valley fill and its sedimentary features

3. ATYPICAL FINE-GRAINED VALLEY FILL AND ITS SEDIMENTARY FEATURES

Quaternary fine-grained valley fills have often developed in spatially complex fluvial settings under
constantly changing climatic conditions. This complexity is resembled in a very diverse sedimentary record
ranging from coarse-grained gravel deposits of river channels to clayey deposits in floodplains and stagnant
waters. The objective of this chapter is, to present a conceptual model of the geology and hydrogeology of
a typical fine-grained valley fill and to identify key sedimentary features with strong influence on the
regional hydrogeology. To this end, I summarize the major findings of S Martin et al. [2020] from the

hydrogeological site characterization of the 5 km?* Ammer valley floodplain near Tiibingen.

3.1.Regional hydrogeology

The Ammer wvalley is located within the Southwest German Scarplands (“Stidwestdeutsche
Schichtstufenlandschaft”’) and was characterized via core drillings and an extensive groundwater monitoring
network (Figure 2). The central floodplain extends over 5 km? east of Tiibingen and hydrogeologically
connects the surrounding hillslopes to the draining river Ammer through surface runoff, a network of
drainage channels, and groundwater flow. The Ammer is mainly fed by karstic springs, wastewater treatment
plants, and several confluences to a mean discharge of ~1 ™/; upstream of the study area [Schwientek et al.,

2013].

The wide valley is carved into the incompetent, gypsum bearing mudstones of the Grabfeld Formation and
becomes narrower up- and downstream, where the subcropping bedrock changes to more competent

limestones of the Muschelkalk (near Reusten) and sandstones of the Stuttgart Formation (near Tiibingen)

Overview map of the Ammer valley geology and fieldwork of the regional site characterization
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Figure 2: Overview map of the Ammer valley floodplain geology and fieldwork conducted for a regional site characterization.
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3. A typical fine-grained valley fill and its sedimentary features

(Figure 2). We identified an up to 15 m thick Quaternary valley fill of five main lithologies in 35 core
drillings on top of the Grabfeld Formation (km1): a gray, clayey gravel (“Muschelkalk gravel”) with well-
rounded limestone clasts of the Triassic Muschelkalk (Meiflner Formation and Trigodonusdolomit); a gray
silty clay; thick, organic rich autochthonous carbonate sands (tufa sediments); and a brown to gray loamy
clay form the horizontally layered sedimentary sequence in the central floodplain (Figure 3, from bottom to
top). A reddish, greenish gray clayey gravel (“hillslope gravel”) with angular clasts from the surrounding
hills (Stuttgart to Trossing Formation) was observed along the fringe of the floodplain. A more extensive
description of the individual lithologies is provided in the associated publication S Martin et al. [2020].

Typical Lithology and core photos
0

Typical Depth [m]

(e}

11

Figure 3: Profile of the average layer thickness and representative photos of the typical lithology in the Ammer valley floodplain
(modified from S Martin et al. [2020]).

The clayey Muschelkalk gravel and the tufa sediments were identified as regional confined aquifers and
monitored by water level measurements in more than 20 monitoring wells per aquifer. Both aquifers show
predominant along-valley hydraulic gradients and minor hydraulic influence from the hillslopes (left side in
Figure 4). The thick and hardly permeable upper clay inhibits groundwater recharge in the floodplain center
and decouples the riverbed from the underlying tufa aquifer in most parts of the valley. The Grabfeld
Formation on the other hand serves as relatively low conductive bedrock with groundwater flow limited to
weathered zones and karstic features. Transmissivities in the tufa and the gravel aquifer were measured by
slug and pumping tests and showed geometric mean values of 1.8 X 10 ™/s and 1.3 X 10 ™/, respectively.
Additionally, groundwater sampling identified a strong hydrogeochemical zonation in both aquifers, with
reducing conditions in the valley center and a narrow transition zone towards more oxidized waters at the

hillslopes (right side in Figure 4).
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Figure 4: Interpolated groundwater elevation (left) and redox potential (right) in the a) tufa and b) gravel aquifer based on the
regional hydrogeological site characterization from S Martin et al. [2020]. Dashed lines indicate extrapolated
groundwater contours outside of the aquifer extent.

3.2.Interpretation of the depositional environment

The floodplain lithologies represent a typical peri- and postglacial sedimentary sequence, which has been
deposited since the late Pleistocene. Hence, the bottom contact of the valley fill represents a >200 Ma hiatus
with no indication on the time of initial valley incision. We interpreted the changes in the Quaternary
depositional environment in order to estimate the potential internal heterogeneity in petrophysical properties
and identify sedimentary features which might have been missed by the core drillings. The Muschelkalk
gravel clasts were transported from outcrops west of the study area and deposited in a braided river system
with gravel dominated channel deposits as well as clayey bar and island deposits. This fluvial environment
covered the entire width of the floodplain in the form of migrating channels and was bound and interbedded
by the gravitational deposits of the hillslope gravel along the floodplain fringes. The transport energy of the
fluvial system ceased in the early Holocene (~11.8 ka BP from Heidgen et al. [2020], see Appendix) and
allowed the deposition of the lower gray clay. Within this clay layer, we have occasionally observed up to
gravel-sized clasts of the hillslope lithologies in different cores. These clasts indicate ongoing sporadic
gravitational input from the surrounding hills into a wide floodplain, dominated by fines. Subsequently, the
overlying tufa sediments were deposited in a wetland environment with low-energy anastomosing channels,

ponding waters and abundant vegetation during the Boreal (10 - 7.8 ka BP from Heidgen et al. [2020]).
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These autochthonous carbonates strongly vary in grain size within and between drill cores and comprise
well-preserved vegetation and peat layers of up to 1 m thickness. After the abundance of water and
vegetation had ceased (~8 ka BP from Heidgen et al. [2020]), today’s floodplain environment formed. In
addition to the geological changes in depositional environment, human activity has been documented from
as early as 7.3 ka BP onwards [Krauf et al., 2020]. Therefore, the Ammer valley has also been shaped by
anthropogenic impact ranging from farming and forestry near early settlements, to urbanization, river

channelization, and pipe drain installations in more recent times [Frauendiener, 1963; Heidgen et al., 2020].

3.3.Sedimentary features

The four-layered sedimentary valley fill comprises two separate regionally confined aquifers with different
petrophysical properties, yet similar spatial patterns in the overall flow field and hydrochemistry. The
hydraulic properties and layer thickness of each aquifer seemed relatively homogeneous on the basis of drill
cores and hydraulic testing. However, the interpretation of the depositional environment, additional
geotechnical reports, and a first electrical resistivity tomography indicated the presence of sedimentary

features within the valley fill. These sedimentary features are summarized in Figure 5.

e (Coarser grained zones in the clay layers could form leaky windows in the confining aquitards and

facilitate localized groundwater and solute exchange between the main aquifers or with surface
waters. In this regard, we identified relatively clean gravel sections in the upper clay layer at shallow
depths near the recent course of the Ammer river, as well as sandy and gravely pockets within the
lower clay. Additionally, a discontinuous lower clay layer was documented in a geotechnical report

from a construction site near Pfaffingen.

e Peat layers comprise high amounts of organic carbon, the most abundant source of electron donors
in natural environments. We observed up to 1 m thick peat layers in several sediment cores of the
tufa sediments, which could not be correlated between drilling locations. These peat layers could

serve as biogeochemical hotspots and facilitate solute turnover processes in the tufa aquifer.

e A clean gravel channel at the base of the valley fill could serve as a collector for groundwater

recharge and strongly increase the discharge of the groundwater system. In this regard, we identified
a 150 m wide, higher resistive feature in a geoelectric tomography (ERT) profile (Figure 11c in
Chapter 4.4.1) and observed a clean Muschelkalk gravel down to 20 m depth in a drilling core. In-
situ testing in a targeted monitoring well also revealed a much higher transmissivity and more
oxidized groundwater in this clean gravel section. If extensive in the along-valley direction, this
channel structure could strongly influence the water balance of the valley and large parts of the

groundwater could bypass the reducing conditions in the upper gravel section.

e Former depressions in the bedrock topography along the southern fringe of the floodplain could be

filled with hydraulically transmissive hillslope sediments. These hillslope hollows could channelize
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the groundwater recharge from the surrounding hills and hydraulically and hydrochemically connect
the hillslopes to the aquifers. In this regard, we observed thick deposits of weathered hillslope
material in the topographic lows along the southern hillslope with higher hydraulic conductivity

estimates compared to other hillslope locations.

The sedimentary features add a second layer of complexity to the valley fill, causing local changes in
sedimentary, hydraulic, and biogeochemical properties in the meter range. We have identified four
potentially relevant features in the Ammer valley, but additional features could be present at comparable
sites. Clay lenses within the aquifers could lead to local compartmentalization within the regional aquifers
and have been related to contaminant retention and plume tailing [Engel et al., 2021; Maghrebi et al., 2015;
Parker et al., 2008]. Fault zones could either serve as conduits for vertical groundwater exchange between
aquifers or serve as barriers to horizontal flow [Bense et al., 2003; Bense and Person, 2006; Bense et al.,
2008; Rawling et al., 2001]. Zones of weathered bedrock could also function as an additional discharge
pathway at the bottom and sides of the valley fill. In the Ammer valley, the transmissivity of the bedrock
depends on the stage of weathering of the gypsum-rich mudstone [Ufrecht, 2017]. Overall, the presence of
sedimentary features is strongly dependent on the depositional history of the valley. Consequently, their
geometry and internal properties, as well as their relevance to and influence on the regional hydrogeology

are site-specific.

Conceptual model of the valley fill and smaller-scale sedimentary features
a) Channel structure in the bedrock
b) Heterogeneity in the gravel body
c) Hillslope deposits

d) Clay windows in confining units

e) Peat layers and lenses

— Basic conceptual model

---- Potential sedimentary structure

Figure 5: Conceptual cross section of potential sedimentary features in the Ammer valley fill (modified from Klingler et al. [2021]).

3.4.Potential influence on the regional hydrogeology

We have set up a simplistic conceptual water balance of the Ammer valley to demonstrate the potential
hydrogeological influence of smaller-scale sedimentary features. The conceptual model comprises both of
the floodplain aquifers with control planes along the in- and outflow boundaries and is visualized in Figure
6. Groundwater flux is considered through the up- and downstream end of the conceptual model (CPg st
and CPy gyynstr> respectively), as well as through the floodplain fringe along the southern hillslope (CP 1)
and estimated from long-term average hydraulic gradients. Infiltration through the bedrock and the
floodplain clay is considered negligible in this model and hence the groundwater recharge is limited to the
hillslope area. For this scenario, discharge estimates indicate that less than 1% of the total groundwater

recharge on the hillslopes enters the floodplain aquifers. Nevertheless, this leads to an increase of 100 —
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150% in aquifer discharge along the length of the conceptual model domain and 85% and 15% of the
recharge infiltrates into the gravel and tufa aquifer, respectively. Most of the recharge is discharged
otherwise, such as through springs along the floodplain fringe that feed the large network of drainage
channels, or along groundwater pathways in the karstic mudstone bedrock bypassing the entire floodplain
system. In a second scenario, we added several sedimentary features identified in Chapter 3.3, to quantify
their influence on the regional water balance. We incorporated higher transmissive hillslope hollows, a basal,
higher transmissive gravel channel, and a generally higher transmissivity in the tufa aquifer. The higher
transmissivities cause a three to four times higher discharge through the hillslope and tufa aquifers and
approximately eight times higher discharge through the gravel aquifer. In this scenario, the floodplain

aquifers collect up to 4% of the total groundwater recharge.

Conceptual model for a water balance scenario calculations

Groundwater Flux Balance Equation
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Figure 6: Conceptual model for scenario calculations of the water balance in the Ammer valley floodplain (modified from S Martin
et al. [2020]). The groundwater flux through the individual control planes is calculated for a basic scenario with average
hydraulic properties, as well as a scenario including higher transmissive features.

In conclusion, the exemplary fine-grained sedimentary fill of the Ammer valley shows a relatively complex
geology with larger- and smaller-scale features that strongly influence the regional hydrogeology. In
comparison to the larger features (i.e. lithological layers), smaller-scale features might be missed by a
regional site characterization with core drillings and monitoring wells. Nevertheless, the water balance
estimates show that even though most water is discharged otherwise, the higher transmissive features
strongly increase the groundwater discharge in both aquifers. The presence of these features is particularly
important in fine-grained valley fills, since the contrast in hydraulic properties to the surrounding fine-
grained sediments is large. Consequently, these features need to be detected, mapped, characterized, and

incorporated in hydrogeological interpretations.
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Part Il

Method development

The second part of this thesis aims to develop and improve methods to detect and delineate typical
sedimentary features which may control the regional hydrogeology and biogeochemistry of fine-grained
valley fills. In the Ammer valley, I have focused on two exemplary features: the gravel channel, which might
increase the groundwater discharge and control the overall water balance, and peat layers, which might serve
as biogeochemical hotspots and facilitate solute turnover processes in a valley fill. Therefore, Chapter 4
introduces targeted geoelectric mapping in large areas to trace the spatial extent of a channel structure and
is published as [Klingler et al., 2020a], Chapter 5 introduces direct-push in-situ color logging to map peat
layers and their organic carbon content within the valley fill and is published as [Klingler et al., 2020b].

Kf he content of this part is published as: \

[Klingler et al., 2020a] — Anomaly effect-driven optimization of direct-current geoelectric mapping

surveys in large areas

[Klingler et al., 2020b] — Direct-Push Color Logging Images Spatial Heterogeneity of Organic

Qiarbon in Floodplain Sediments /
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4. Mapping hydrogeologically relevant features across large areas

4. MAPPING HYDROGEOLOGICALLY RELEVANT FEATURES ACROSS LARGE
AREAS

Abstract

In most hydrogeological, geotechnical, archaeological, and other geoscientific applications, we need to
understand the lateral extent and connectivity of system-relevant subsurface features. Towards this end,
direct-current electric resistivity tomography (ERT) with several 2-D profiles or 3-D grids provides a
powerful tool for non-invasive resolution of electrical resistivity anomalies. On the downside, many hours
of fieldwork to set up and break down long electrode profiles limit this method to study areas of few thousand
square meters, as the workload multiplies with the number of profiles. In many projects, however,
determining the extent and connectivity of subsurface anomalies and therefore their potential relevance to
the system, may only require the target to be spatially traced instead of fully resolved. We therefore propose
geoelectric mapping with a target-specific fixed electrode spacing as an efficient way to trace a resolved
resistivity anomaly away from an initial ERT profile, which should be particularly valuable for large study
areas. The target-specific electrode spacing is hereby determined by evaluating the effects of the targeted
anomaly in the raw data of the preliminary ERT profile. We therefore introduce an anomaly effect applicable
to measurements in environments with spatial trends in resistivity distribution. In synthetic simulations, we
demonstrate that our approach can efficiently delineate lateral boundaries of resistivity anomalies in ERT
data space and we visualize this in pseudosections of anomaly effects. We then apply this method to tracing
a gravel-filled paleo-channel in the 8 km*> Ammer floodplain near Tiibingen, Germany and determine a
suitable electrode spacing for a subsequent mapping campaign from the ranges of anomaly effects. We traced
the paleo-channel over several hundreds of meters away from an initial 550 m long ERT profile within 19
h, the same time needed to set up, measure, and dismantle the single initial ERT profile. The evaluation of
anomaly effects proves to be an efficient tool to detect resistivity anomalies in geoelectric data and determine
suitable electrode spacings for large-scale mapping campaigns. Once identified, anomalies and project-

relevant subareas can be the target of more detailed investigations.
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4.1.Introduction

In many geoscientific applications, a thorough identification of the spatial extent and connectivity of
subsurface features is important. In hydrogeological studies, for example, we target subsurface units
potentially relevant for the overall hydrogeological system behavior, such as the drainage of hillslopes, the
connection between surface- and groundwater bodies, or the lateral continuity of preferential groundwater
flow paths [Gonzales Amaya et al., 2016; Knudby and Carrera, 2005; J M Martin et al., 2019; Renard and
Allard, 2013; Trinchero et al., 2008; Uhlemann et al., 2017; Wienhofer and Zehe, 2014]. In archaeological
studies, the trace and extent of buried anthropogenic structures is relevant to determine their location and
geometry as well as their relation and orientation to other structures [4kca et al., 2019; Hauquin and Mourey,
2019; Monik et al., 2018; Sinha et al., 2013; Tsokas et al., 2009]. Detecting and mapping these features and
structures often represents a fundamental and early project goal and helps defining subareas of interest for
more thorough and costly investigations. Especially in large study areas, the preliminary site characterization

needs to be time-efficient and inexpensive, yet reliably precise.

Towards this end, a common approach is to combine core drillings and direct-current (DC) geoelectric
surveys in preliminary investigations [Bentley and Gharibi, 2004; Chambers et al., 2006; Khaki et al., 2016;
Sinha et al., 2013; Urish, 1983]. While core drillings provide a detailed vertical record of the lithology, they
are restricted to point locations in the lateral directions. The interpolation of profiles between drilling
locations is challenging if the relevant subsurface features have lateral extents smaller than the distance
between the boreholes. Provided that the features of interest show contrasts in electrical resistivity,
geoelectric measurements provide spatially continuous data that can be used to fill in gaps between drilling
locations and guide the location of new drillings. Commonly, electrical resistivity tomography (ERT)
profiles and grids are measured and evaluated with a subsequent inversion of the data set. The inversion
result provides a possible subsurface resistivity distribution with depth, lateral boundaries, and thicknesses
of geoelectric anomalies. These anomalies may be caused by geological features, cavities, spatial changes
in pore fluids, temperature, or moisture content, as well as anthropogenic structures such as archaeological

artifacts, tunnels, and bunkers.

An anomaly detected in a single 2-D ERT inversion result is typically of relevance to an overall study if it
extends perpendicular to the initial ERT profile. Therefore, several studies have used individual 2-D ERT
profiles or 3-D grids and subsequent inversion to image the subsurface sedimentary structure [Gonzales
Amaya et al., 2016; J M Martin et al., 2019], the extent of a contaminant plume [Bentley and Gharibi, 2004;
Maurya et al., 2017; Naudet et al., 2004], or anthropogenic structures [ Chambers et al., 2002; De Domenico
et al., 2006; Tsokas et al., 2009]. In case that only individual 2-D profiles were measured, an anomaly may
be interpreted in the 2-D inversion results with subsequent interpolation of its boundaries between the
profiles [Dahlin and Loke, 1997; Naudet et al., 2004; Tsokas et al., 2009]. Alternatively, as well as for 3-D
grid measurements, a full 3-D inversion of the ERT measurements may be applied and interpreted [4kca et

al., 2019; Bentley and Gharibi, 2004; Chambers et al., 2002; De Domenico et al., 2006; Negri et al., 2008;
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Tsokas et al., 2009]. Regardless of the inversion decision, however, data collection comes with intensive
fieldwork and long acquisition times. Even though focused arrays (e.g. Hennig et al. [2008]) and multi-
channel systems greatly reduce acquisition times, fieldwork continues to consume many hours to set up and
later break down electrodes and cables. In our field example discussed below, 20 labor hours per profile
were needed. In the characterization of larger study areas, the workload to set up, operate, and dismantle a
single ERT profile is multiplied by the number of parallel profiles. As a result, 3-D ERT studies are typically

restricted to areas not larger than a few thousand square meters.

As an alternative to multiple full 2-D and 3-D ERT surveys, geoelectric mapping campaigns determine the
apparent resistivity of the subsurface with a fixed electrode configuration along profiles (also known as
horizontal profiling or constant separation traverses (CST)) or over 2-D areas. This method was commonly
applied to detect and delineate contaminant plumes [ Cartwright and McComas, 1968; Frohlich et al., 1994;
Urish, 1983; Warner, 1969], sedimentary heterogeneities [Klefstad et al., 1977], and cavities [Greenfield,
1979; Militzer et al., 1979; Worthington and Barker, 1977] before multi-electrode equipment had become
popular. Measurements are displayed as a profile or a map of apparent resistivities, and subareas with lateral
changes may be targeted with more thorough investigations [Kelly, 1976; Warner, 1969]. Such geoelectric
mapping with a fixed electrode configuration takes only a fraction of the time needed for the full 2-D ERT
survey and especially the time needed to move the equipment from one profile to the next is highly reduced.
Hundreds of measurements per day can be taken by field personnel with four mobile electrodes or
capacitively coupled towing equipment [Sorensen et al., 2005; Walker and Houser, 2002]. With such an
approach, an anomaly, once detected, can be traced over large study areas with little effort on acquisition
and data evaluation. In addition, a mapping campaign can fill in information between existing, yet distant
ERT profiles, vertical electrical soundings (VES), or boreholes to determine the lateral continuity and

connectivity of detected features.

The challenge of geoelectric mapping, however, is to find an electrode configuration that is sensitive to the
parameter changes in the depth of a target anomaly. Hence, the depth of measurement sensitivity of an
electrode configuration represents an important parameter for geoelectric mapping campaigns. Even though
this “depth of measurement sensitivity” was originally named “depth of investigation” [Barker, 1989], this
term is nowadays commonly affiliated with depth resolvability of ERT inversions [Oldenburg and Li, 1999].
Barker [1989] gives a short summary of studies defining the general depth of measurement sensitivity for
different electrode arrays. Typical definitions are based on the assumption of a horizontally layered
subsurface. Evjen [1938] defined the depth of measurement sensitivity as the depth with the greatest
influence on the measurement [Bhattacharya and Sen, 1981; Roy and Apparao, 1971; Roy and Dhar, 1971].
Edwards [1977], in contrast, defined the depth of measurement sensitivity as the depth at which half the
signal originates from the volume above and half from below. Both approaches allow practitioners to choose
an appropriate electrode spacing in spatial mapping or profiling campaigns according to a specific target
depth. The above-mentioned definitions may be used as a rule of thumb, but the electrode configuration
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applicable to map targeted subsurface features needs to be defined specifically at each site, as the depth of
measurement sensitivity strongly depends on the subsurface distribution of electrical resistivity. In
contaminant hydrogeological studies, Urish [1983] and Frohlich et al. [1994] therefore first determined a
target aquifer layer from a 1-D inversion result of initial vertical electrical soundings. In a second step, the
authors compared synthetic vertical soundings with different target layer resistivities to determine the
electrode spacing with greatest changes in measured apparent resistivity. This electrode spacing was then
used for horizontal profiling in the field to identify the lateral extent of a contaminant plume within the
aquifer layer. This approach determines suitable electrode spacings from a preliminary and site-specific data
set, yet assumes the preliminary vertical soundings to resemble a background resistivity distribution not
affected by the contaminant plume. In many studies, however, we might not know locations with a
representative background resistivity distribution for preliminary soundings. In addition, this method
introduces uncertainty and bias through the inversion and interpretation of the initial vertical soundings. Our
present study, by contrast, aims to determine suitable mapping electrode configurations directly from raw

data to avoid any unnecessary uncertainty on the lateral anomaly extent.

In this paper, we present an approach to detect geoelectric anomalies in a preliminary ERT data set,
determine a site-specific mapping configuration, and trace the spatial extent of a target anomaly over large
areas. We first summarize the problems of detectability of resistivity anomalies and review the concept of
anomaly effects. We then present an updated anomaly effect for a background resistivity with spatial trends
and apply it to anomaly detection and lateral delineation in ERT data space. Finally, we apply this method
to two synthetic scenarios as well as a field example from a floodplain in southwestern Germany. Here, we
successfully determined a suitable electrode spacing from a preliminary ERT data set and mapped a target

anomaly over more than 600,000 m? within hours.

4.2.Background on detectability and anomaly effect

4.2.1. Detectability of resistivity anomalies

We define a resistivity anomaly as a spatially restricted geometric body in the subsurface with geoelectric
properties contrasting the surrounding material. The detectability of a resistivity anomaly strongly depends
on the anomaly geometry, its resistivity contrast to the surrounding material, as well as the chosen electrode
configuration. In recent years, the detectability of an anomaly was often interpreted as the resolvability of
the anomaly in the inversion result. Many studies therefore evaluated the sensitivity matrix or the model
resolution matrix to compare different electrode configurations and the resolution of subsurface geometries
[Christiansen and Auken, 2012; Day-Lewis, 2005; Loke et al., 2010; Stummer et al., 2004; Uhlemann et al.,
2018; Wilkinson et al., 2006]. A good resolution is achieved if the true geometry and parameter distribution
of the anomaly is reproduced in the inversion result. An inversion, however, introduces a bias by the
underlying inversion method and regularization parameters. In contrast to the resolution of a resistivity
anomaly, detectability analysis solely focuses on the perturbation of measurements due to a resistivity
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anomaly. A detectability analysis unbiased by data post-processing may therefore only be possible

considering the raw data.

In raw data pseudosections, smaller resistivity anomalies may not perturb the measurements enough to be
visually distinguishable from the influence of a heterogeneous background resistivity distribution. In Figure
7, we demonstrate this problem by simulating geoelectric measurements across a synthetic heterogeneous
subsurface model using the open-source python libraries of pyGIMLi and pyBERT [Riicker et al., 2006;
Riicker et al., 2017]. The heterogeneous model represents a horizontally layered subsurface with four layers
of 10, 50, 80, and 500 Qm, respectively (Figure 7a). The four-layered model was inspired by the conceptual
geologic understanding of our field site, discussed below. In addition, we created a second model containing
a 30 m wide rectangular resistivity anomaly of 1000 Qm. This anomaly is located between 9 and 15 m depth
and could represent a fluvial channel of higher resistive sediments (e.g., gravel, sand). We simulated
measurements of a 500 m long Wenner-o. ERT profile with an electrode spacing of 1 m centered about the

anomaly.

The pseudosections in Figure 7b and ¢ show the simulated measurements for the model without and with
the anomaly, respectively. The apparent resistivity ranges in both cases between 10 and 235 Qm. The two
pseudosections are almost identical with a strong increase in apparent resistivity with pseudodepth. In this
study, the term “pseudodepth” only identifies the common electrode spacing of measurements plotted on the
same level in the pseudosection and does not infer any true depth allocation. An influence from the higher
resistive feature can only be inferred from the slightly higher apparent resistivity values in the center. Thus,

we can neither determine the presence, nor the lateral extent of the anomaly from the raw data.

4.2.2. The anomaly effect

Only few studies focused on the detectability analysis based on raw data from geoelectric profile
measurements [Amini and Ramazi, 2016, Apparao et al., 1992; Demirel et al., 2018, Militzer et al., 1979;
Szalai et al., 2011; Van Nostrand, 1953]. Early numerical and laboratory studies [Apparao et al., 1992;
Carpenter, 1955; Van Nostrand, 1953] introduced a resistivity anomaly into a homogeneous half-space and

quantified the resulting measurement deviation by

_ Pa
AE = % 4.1)

in which AE is known as anomaly effect, p, denotes the measured apparent resistivity value of a single
measurement and p; is the known resistivity of the homogeneous background, respectively. Militzer et al.
[1979] defined the maximum spread of this criterion over a set of measurements as the anomaly effect, which

we will address as the “range of anomaly effects” (RAE) in the following:

RAE = max (2_1) — min (f)—l) (4.2)
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The anomaly effect was used in various studies using different terminology: The “normalized apparent
resistivity” used to identify deviations in vertical electrical sounding measurements due to terrain effects is
identical with the anomaly effect [Sahbi et al., 2003]. Also, the “apparent resistivity anomaly” used to
investigate the sensitivity of geoelectric measurements to fracture geometry and overburden is a scaled
simplification of the anomaly effect [Demirel et al., 2018]. These authors also define an “anomaly
magnitude” that is equivalent to the range of anomaly effects.
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Figure 7: a) Subsurface model used to simulate Wenner-a measurements (a = 1 m) which are displayed in pseudosections for an
underlying model b) without an anomaly and c) with a rectangular anomaly of higher resistivity. Ranges of apparent
resistivities and qualitative appearance are similar (from Klingler et al. [2020a]).

While the anomaly effect is assigned to each single measurement, the range of anomaly effects is evaluated
over a certain subset or the full data set. It was previously used to determine the effectiveness of resistivity
measurements [Aizebeokhai and Olayinka, 2011; Apparao et al., 1992; Dahlin and Zhou, 2004; Szalai et
al., 2011]. This effectiveness is used to compare different arrays and their sensitivity to an anomaly in the
subsurface [Dahlin and Zhou, 2004]. In studies focusing on the “depth of detectability”, the depth of an
anomaly is iteratively increased to identify at which depth the range of anomaly effects is smaller than a
previously defined error threshold [Szalai et al., 2011]. A range of anomaly effects of 10% serves as a
common threshold of detectability [Militzer et al., 1979; Van Nostrand, 1953]. Measurements with lower
anomaly effects are potentially suppressed under conditions with strong noise contamination. Hence,

anomalies are not detected in data sets with an overall range of anomaly effects below this threshold.

To our knowledge, only the very few studies cited above considered the anomaly effect as means to evaluate
geoelectric raw data. These studies solely focused on the anomaly effect of simple geometries in a
homogeneous half-space. Under the condition of a background resistivity with spatial trends (e.g., layering
with potentially variable layer thickness), however, the anomaly detection would be inaccurate when taking

a homogeneous half-space as reference, as effects caused by the trend in the background will erroneously
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be attributed to a specific anomaly. Synthetic studies accounting for a spatially variable background
normalized the measurements of apparent resistivity perturbed by an anomaly with unperturbed
measurements across the same spatially variable background resistivity [ Dahlin and Zhou, 2004; Demirel et
al., 2018]. This, however, only works in synthetic studies, in which the measurements can be simulated with
and without the presence of the anomaly. In real-world applications, the subsurface resistivity distribution
is likely to show larger spatial variations which dominate the measured apparent resistivity. The challenge
thus lies in isolating the effect of an anomaly with contrasting geoelectric properties, indicating a subsurface

feature of interest, from the effects of the large-scale trends.

Amini and Ramazi [2016] defined a “residual resistivity” to isolate the effect of a resistivity anomaly from
a background resistivity distribution and successfully improved inversion results. However, this method uses
only a single representative vertical profile to determine a background distribution for the entire dataset and
therefore the calculated residual resistivities are biased in case of lateral trends in the background resistivity.
To overcome this problem, the lateral variability within a pseudodepth must be considered in the calculation

of the background resistivity.

4.3.1solating the anomaly effect from lateral trends in the background resistivity

The anomaly effect quantifies the influence of a specific feature with contrasting resistivity on the
geoelectric measurements. Its application to realistic data is only possible if the normalization considers
lateral variations of the background resistivity distribution. Hence, we consider a vertical sounding curve,

as suggested by Amini and Ramazi [2016], as inapplicable for this evaluation.

In this study, we present a method to calculate an anomaly effect in domains with spatially varying resistivity
distributions. We first define an anomaly effect normalized to a measurement-specific background apparent
resistivity. This background apparent resistivity accounts for lateral and vertical trends. In synthetic
simulations, we show suitable methods to calculate the background apparent resistivity from an ERT data
set. Finally, we demonstrate the efficient lateral delineation of anomalies in field data. Here, we use the

range of anomaly effects to determine the suitable electrode configuration for a subsequent geoelectric
mapping.

Rather than comparing the apparent resistivity p,(i) of a specific measurement i to an assumed
homogeneous reference resistivity p;, we relate it to an individual background apparent resistivity ppq(i),

leading to an updated definition of the anomaly effect:

_ Pai)
AE = Pbg(D) (43)

with a corresponding range of anomaly effects when considering all locally defined anomaly effects for the

same pseudodepth in a profile.
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This background apparent resistivity ppq(i) is calculated for each pseudodepth individually by taking the
median over a certain subset or the full data of the geoelectric profile in this pseudodepth. By this, the
background apparent resistivity value has the same electrode configuration factor as the measurement,
provided that the topography is flat so that the measurement is not biased by terrain effects. Our definition
of the anomaly effect hence yields relative differences within one pseudodepth that can be compared with

other pseudodepths.

We present the method for Wenner-a arrays only, but have also successfully applied it to synthetic
Schlumberger-array simulations. Both arrays are robust standard configurations available as pre-sets in most
geoelectric acquisition equipment. Therefore, both can easily be used to measure an initial representative
ERT profile, as well as for the subsequent mapping with four single electrodes. Especially the Wenner-a
configuration stands out with low configuration factors and low sensitivity to noise and errors [Dahlin and
Zhou, 2004]. In addition, the large number of measurements with the same configuration factor provides a
solid median background apparent resistivity value during the calculation of the anomaly effect. Other
configurations, such as dipole-dipole, might be faster in data acquisition with multi-channel equipment, but
are more prone to measurement noise and errors [Zhou and Dahlin, 2003]. These configurations also lack
the solid median background apparent resistivity for the calculation of anomaly effects, since less

measurements share the same configuration factor.

In the following, we present two methods to determine the background apparent resistivity p,q (i) for a given
pseudodepth from an ERT data set either using the full data set of one pseudodepth or a subsection thereof.
Figure 8 shows a profile of apparent resistivities for one pseudodepth, extracted from a full Wenner-a ERT
survey. The exemplary data set shows an overall trend of increasing apparent resistivity values from left to
right. Higher apparent values were measured in the center of the profile. Between measurement 50 and 100,
a local maximum deviates from the shape of the overall curve. Depending on whether this local maximum
or the larger-scale hump is addressed as the anomaly, we suggest two approaches of constructing the

background apparent resistivity pp,q(i):
a. Determining the background apparent resistivity from the full profile at a given pseudodepth

In this approach, we consider the full-length profile of the measured apparent resistivity in a specific
pseudodepth. The individual measurement p, (i) and a certain number of directly neighboring data points
are excluded by an inner window to avoid influence of directly neighboring outliers. The width of the inner
window is hence data-specific and depends on e.g. the data noise (i.e. higher data noise requires a wider
inner window width). With the remaining data, we calculate the background apparent resistivity value by
taking the median. For illustration, see the top bars in Figure 8. This approach leads to a slightly varying
background value because for each assessment point a different window of excluded data is applied.
However, the difference is small because the median is taken from almost all data at each point. This method

is recommended for study areas with only minor expected lateral trends besides the anomaly to be detected.
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b. Determining the background apparent resistivity by double windowing

In study areas with expected strong lateral trends in electrical resistivity, the approach mentioned above
would identify these trends as the anomaly. To prevent this, we suggest calculating a local median
background apparent resistivity by restricting the analysis to data defined by an outer window (and still
excluding the data of the inner window). For illustration, see the bars in the inlet of Figure 8. The inner
window size needs to be scaled according to the expected width of the anomaly, to obtain optimal results by
effectively suppressing larger background variations along the profile. Both windows are moved along the
profile, centered about the location of the measured apparent resistivity p,(i). The measurements on both
ends of the profile cannot be used for calculations of the anomaly effect, since no sufficient number of
neighbors supports a calculation of the background apparent resistivity. This results in a loss of information

of half the outer window size on each side of the profile.

In both methods, we can detrend the data in the outer window prior to the calculation of the anomaly effect.
A number of measurements on both ends of the profile is used to determine a linear trend in the data. Details

on detrending used in our application are given in Section 3.2.

Figure 9 illustrates the approach for calculating the background apparent resistivity for a scenario with a
higher-resistive feature in a laterally homogeneous, layered subsurface, and Figure 10 in a domain where
the layer thickness changes laterally. Both scenario models are derived from Figure 7 and consist of four
layers with resistivities of 10, 50, 80, and 500 Qm. The target feature is represented by a 30 m wide
rectangular resistivity anomaly of 1000 Qm. In each scenario we simulated measurements of a 500 m long
Wenner-a ERT profile with an electrode spacing of a = 1 m centered about the anomaly. The calculated

anomaly effects deviate from unity in both negative and positive directions for measured values varying
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Figure 8: Graphical explanation of two methods to determine a median background apparent resistivity for individual geoelectric
measurements. The calculation only considers values in the outer window and excludes those covered by the inner window.
The outer window either extends over a) the entire pseudodepth data (“full pseudodepth”), or b) a subsection of it (“double
window”). Prior to calculations, the data may be detrended (from Klingler et al. [2020a]).
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from their individual background apparent resistivity. The results are plotted in pseudosections of anomaly

effects to a maximum electrode spacing of 50 a.

4.3.1. Scenario 1 — Single anomaly in a laterally homogeneous subsurface

The first scenario demonstrates the general detectability of an anomaly by calculating the anomaly effects.
The resistivity anomaly is six meters thick and located nine meters below the surface (Figure 9a). The
simulated apparent resistivity measurements are plotted in a pseudosection and show a gradual increase in
apparent resistivity with depth (Figure 9b). No horizontal variation can directly be detected from this, since
the downward increase overprints any potential disturbance caused by the resistivity anomaly. We used the
median apparent resistivity over the full profile for each pseudodepth to normalize the measured apparent
resistivities. The resulting pseudosection of anomaly effects shows high values in the center for electrode
spacings of = 17a, while artifacts spread outside when considering larger electrode spacings (Figure 9c).
Small electrode spacings show no anomaly effect (AE = 1) over the entire profile. Likewise, measurements
in areas to the sides of the anomaly also yield no anomaly effect, which is visualized by the yellow color.
These measurements were not perturbed by the deep, central anomaly. Higher anomaly effects are restricted
to the center of the pseudosection and shown by warmer colors. The width of the anomaly is slightly

overestimated in this pseudosection but can be delineated towards the sides by strong contrasts.

A minimum and maximum anomaly effect of 0.972 and 1.110, respectively, results in a range of anomaly
effects of 0.137. The positive deviation of 11% from the median background apparent resistivity is hereby
larger than the minimum deviation of 10% suggested in earlier studies [Militzer et al., 1979; Van Nostrand,
1953] and therefore demonstrates a detectability of the feature even for high measurement errors.
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Figure 9: a) Subsurface model, b) resulting pseudosection from synthetic simulations (a = 1 m) comparable to Figure 7, and c)
pseudosection of anomaly effects. Electrode spacings >50 a are faded in b) and not shown in ¢) since perturbation is negligible
for larger electrode spacings. The anomaly effect for each individual measurement is isolated from the influence of the
background heterogeneity. The lateral extent of the higher resistive anomaly is obvious (from Klingler et al. [2020a]).
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4.3.2. Scenario 2 — Single anomaly in a subsurface with lateral trend

Figure 10a shows a schematic diagram of the second scenario, in which we changed the depth of the anomaly
and considered a lateral change of the third layer: The lower layer boundary shows a steep incline over 60
m in the center of the profile and continues horizontally towards the sides of the model. The highly resistive
rectangle is located between three and seven meters depth. Like in scenario 1, the simulated measurements
show an increase in apparent resistivity with increasing electrode spacing (Figure 10b). In addition, however,
we can observe an increase in the apparent resistivity towards the right for large electrode spacings. This

trend is caused by the lateral change in layer thickness.

Figure 10c shows the anomaly effect using the full length of the pseudodepth profile as reference. The
anomaly can be identified by the highest anomaly effects in the center. Like in scenario 1, the shallowest
pseudodepth shows no anomaly effect (AE = 1). For larger electrode spacings, and thus larger pseudodepths,
the left side is dominated by anomaly effects of AE < 1, while the right side shows anomaly effects of AE >
1. The changing layer thickness leads to a pattern of anomaly effects for electrode spacings >10 a. Higher
apparent resistivities on the right side increase the overall median background apparent resistivity.
Consequently, the calculated anomaly effects on the left side are smaller than unity, whereas for electrode
spacings larger than 30 a, the anomaly effects on the right-hand side are significantly larger than unity.
Nonetheless, the anomaly can be detected, even though with a slightly overestimated width. To improve this
result, we detrended the data prior to the calculation of the anomaly effects. We determined the trend with a
linear interpolation between the average values of the outermost 10% of data points on each end of the

profile. Subsequently, we removed the trend from the apparent resistivities for the entire profile at each
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Figure 10: a) Subsurface model and b) resulting pseudosection from synthetic simulations (a = 1 m). Electrode spacings >50 a are faded
in b) and not shown in ¢), d), and e), since perturbation is negligible for larger electrode spacings. The resulting anomaly
effects depend on the method to calculate the background apparent resistivity: ¢) over the entire pseudodepth, d) over the
entire pseudodepth with previous detrending of the data, and e) using the double window approach with an inner window
larger than the expected anomaly (from Klingler et al. [2020a]).
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pseudodepth and calculated the anomaly effects from the detrended data (Figure 10d). The anomaly effects
on both sides of the central anomaly are damped as the general trend caused by the change in layer thickness
is removed. While this method is better in locating the anomaly, it still contains artifacts, and the width of

the anomaly is slightly overestimated.

The overall lateral trend in apparent resistivity is visible in the pseudosection of raw measurements shown
in Figure 10b. Obviously, the background apparent resistivity for a given pseudodepth is not constant over
the entire profile. By applying the double-window method in the calculation of the local background
apparent resistivity at a given point, we obtained a better focused anomaly effect (Figure 10e). The width of
the outer and inner window is defined based on the expected anomaly width. For field data, this requires a
general understanding of expectable features. For this synthetic scenario with known anomaly width,
however, we defined a 71 electrodes wide outer window over which the moving median of apparent
resistivity was calculated. The inner window was set to 41 electrodes to span wider than the width of the
anomaly and hence to avoid strong influences from variations close to the central measurement p, (i). The
measurements solely included in the outer window were linearly detrended before we calculated the local
background apparent resistivity. This way we isolated the anomaly effect of the rectangular feature from the
effects caused by the trend of the layer thickness. We could also determine the width of the anomaly quite
well. Artifacts towards the sides and diagonally towards larger electrode spacings do not lower the
detectability of the feature, but rather help to delineate the geometry boundary. A loss of data on each side

needs to be accepted due to the width of the outer window.

4.3.3. Comparison and discussion of synthetic scenarios

The synthetic scenarios demonstrate the usefulness of the anomaly effect in detecting subsurface features
under consideration of lateral trends in the background resistivity distribution. We can detect and display
the anomaly in a pseudosection of anomaly effects. Therein, we identify areas of relative homogeneity by
laterally constant anomaly effects of ~1. Areas with strong anomaly effects show similar lateral extents as
the features introduced in the initial subsurface model. No prior knowledge on the subsurface resistivity
distribution is needed. However, a basic understanding of the potential subsurface architecture is helpful to
choose a suitable method to determine the background resistivity value. In addition, the window sizes need
to be defined in the double-window method so that the inner window is larger than the expected size of the
feature to be detected. In general, the calculation over the full length of the profile for a given pseudodepth
is suitable for any single anomaly in an otherwise laterally relatively homogeneous subsurface. As
demonstrated in scenario 2, the double-window approach suppresses strong background trends and allows a
precise detection of anomaly boundaries even in laterally variable cases. Overall the proposed anomaly
effect shows great potential in the lateral delineation of anomalies. However, the pseudosection should still
be viewed with caution, as any interpretation on vertical extents and parameter values is inaccurate,

comparable to the information in regular pseudo sections of raw data. A more probable depth allocation and
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parameter distribution can only be achieved by inversion of the ERT data. If a full ERT survey, including
multiple electrode spacings, has already been obtained, inversion would be the most appropriate way of
analyzing the data. As we will show in the following, however, the anomaly detection by directly analyzing
the apparent resistivities can guide setting up a geoelectric mapping campaign with fixed electrode spacing,

which can be performed much quicker than a full 3-D ERT survey.

4.4.Evaluation of anomaly effects in field data

We applied the evaluation of anomaly effects to a hydrogeological site-characterization study in the 8 km?
Ammer floodplain close to Tiibingen in Southwest Germany. Figure 11a shows the conceptual geological
model as a vertical cross-section. We have identified four main sedimentary layers above the mudstone
bedrock of the Upper Triassic Grabfeld-Formation in three drilling cores, namely from bottom to top: a
clayey gravel layer on top of the bedrock, overlain by clay, calcareous sands, and alluvial fines. We observed
the layer boundaries at similar depths over a distance of 400 m, indicating a predominantly horizontal
layering. However, lithological features serving as relevant groundwater flow paths may be missed by the
large spacing between the cores. For this, we measured an ERT profile along the core transect to detect
potentially relevant features. In the following, we first compare a standard 2-D inversion of the ERT
measurements to the evaluation of anomaly effects discussed above, to see whether our simplified approach
is suitable to detect anomalies in the Ammer floodplain ERT measurements. More importantly, we determine
a suitable electrode spacing from the ranges of anomaly effects to map the detected anomaly away from the

ERT profile to determine the spatial extent and connectivity of the anomaly.

4.4.1. Ammer floodplain ERT profile

We measured a 550 m long Wenner-o ERT profile with a RESECS acquisition system perpendicular to the
main direction of the valley in order to validate the assumed horizontal layering and detect potential
subsurface anomalies. For an estimated depth of investigation of 0.11 * AB ~ 30 m, we chose an electrode
spacing of a = 1.5 m and a maximum spacing of 70 a [Roy and Apparao, 1971]. Fieldwork consisted of 12

labor hours for setup, 12 h of data acquisition, and 8 labor hours for dismantling.

We removed 2 measurements with more than 10% error as well as 369 individual outliers by manual picking
before further data processing. The resulting data set (/7,934 measurements), visualized as a pseudosection
in Figure 11b, shows relatively low values with an overall trend of increasing apparent resistivity with
pseudodepth. A lateral inhomogeneity of relatively higher apparent resistivity can be inferred at ~ 300 m
along the profile, where no core information is available. We evaluated the data set by a standard ERT
inversion using the software package pyBERT [Giinther et al., 2006], shown in Figure 11c. We also
computed anomaly effects for each data point according to the procedure outlined above and display the

results in Figure 11d.
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The inversion of the data set was performed with a homogeneous starting model to a maximum depth of 50
m. A maximum cell size of 1 m? led to an unstructured inversion mesh with 57,074 cells. We used the
standard L2-Norm regularization with a smoothing factor of 4 =20 and a relative vertical weight of 0.7. The
2-D inversion took 15 h 40 min on a standard desktop computer. The resulting tomogram shows the general
horizontal layering in the upper 10 m, which was in agreement with our prior knowledge of the site (Figure
11c). We ignored the higher-resistive region in the shallow zone left of core 1 and defined our target area
between the cores 1 and 2. Here, a higher resistive anomaly is located between 250 and 380 m in the
otherwise homogeneous bottom layer of highest resistivity. It is difficult to infer the thickness of the anomaly

in the tomogram as the bottom contact is rather smooth.

The calculation of anomaly effects with a background apparent resistivity determined from the full, yet
detrended data for each pseudodepth took 7.6 s. The resulting pseudosection of anomaly effects, displayed

in Figure 11d, shows a region of strong positive anomaly effects between 250 and 380 m. Its lateral extent
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Figure 11: a) Horizontally layered conceptual geological model of the Ammer valley derived from three sediment cores. b) Manually
cleaned Wenner-a data from a 550 m ERT profile with a = 1.5 m leading to ¢) an inversion result showing a higher resistive
anomaly between 250 and 380 m in a depth of 10-30 m. d) The anomaly extent is also visible in the pseudosection of anomaly
effects, calculated in a fraction of the time of the inversion (from Klingler et al. [2020a]).
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matches the extent of the anomaly visible in the inversion result, yet no interpretation of the true shape of

the anomaly is possible.

This example demonstrates the enormous time saving in detecting anomalies and their lateral boundaries
from an ERT data set. The inversion result may be interpreted in terms of resistivity values and depth
allocation. However, the inevitable equivalence problem and smoothed anomaly boundaries require a final
ground truthing for certainty. We can detect and delineate the anomaly similarly well based on the anomaly
effects. Like in the interpretation of inversion results, a ground truthing is necessary to identify the type of

anomaly and its true geometry.

Consequently, we drilled an additional core into the higher resistive anomaly to evaluate its relevance to the
hydrogeology of the Ammer floodplain. From this core we could identify a thicker and cleaner gravel section
with a five-meter deeper bedrock contact. We therefore interpreted the higher resistive anomaly as gravel
filled paleo-channel incised into the mudstone bedrock and potentially functioning as a preferential flow
path. The hydrogeological relevance of such a preferential flow path depends on its spatial extent and lateral
continuity within the floodplain. It is therefore necessary to trace the gravel channel over large distances up-

and downvalley from the ERT profile.

4.4.2. Spatial mapping with a fixed electrode spacing

Besides the time-efficiency, a main advantage of evaluating anomaly effects from the apparent resistivities
is that it allows identifying pseudodepths and thus electrode spacings with a large range of anomaly effects.
These electrode spacings are best suited for a geoelectric mapping campaign to delineate the spatial extent
of the detected anomaly over many parallel investigation lines. The optimal spacings are site specific and
account for the true subsurface parameter distribution, while the classical depth of measurement sensitivity

estimates are based on the assumption of a horizontally layered subsurface.

We smoothed the anomaly effects for each pseudodepth with a Gaussian window of two standard deviations
to suppress outliers. The resulting ranges of anomaly effects (RAE) are displayed in Figure 12a over the
associated electrode spacings. The observed range of anomaly effects is the greatest for electrode spacings
between 10 and 25 a, with a maximum at 15 a. We selected the corresponding electrode spacing of 22.5 m
for a geoelectric mapping campaign to laterally trace the positive anomaly of the gravel-filled paleo-channel.
The fieldwork included four people measuring the apparent resistivity at 738 locations along 10 profiles
within 19 h. The profile locations were limited to farm tracks and untilled agricultural fields, as well as by
the floodplain boundary in the southwestern part of the study area. Along this boundary, the flat floodplain
southwards transitions into gently sloping hillslopes mapped as bedrock in the regional geological map. We
removed data with a measurement error > 3% and smoothed the remaining values using a moving average
filter over 10 measurements along each profile to dampen outliers and represent the general trend. In general,
the apparent resistivity values are comparable to those measured with the same electrode spacings in the
ERT profile. Figure 12b shows an overview map of the floodplain study area with red and blue rectangles
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representing higher and lower apparent resistivities, respectively. Relatively higher apparent resistivities
stretch in an approximately 150 m wide meandering belt from West to East, while measurements in the
northern and southeastern part of the mapped area are relatively lower. Along the southwestern boundary of
the floodplain, we could not delineate the southern margin of the meandering belt as highest values of

apparent resistivities allow no delineation comparable to other areas.

We interpret the higher-resistive belt east of the bike path drawn solid as the lateral extent of the paleo-
channel detected in the ERT data (Figure 12b). We also assume a continuous trace of the paleo-channel west
of the bike path indicated by the gray dashed line. However, we interpret the lack of a southern delineation
and the highest apparent resistivities in the area close to the southern floodplain boundary as evidence for
the influence of other, higher resistive subsurface features such as a shallower bedrock. We therefore suggest
an additional ERT profile along the bike path for ground truthing of the assumptions derived from the
mapping results. Nevertheless, we could trace the higher resistive paleo-channel detected in the ERT data
over at least 750 m within 19 h, roughly the same amount of time as required to set up, measure, and break

down the initial ERT profile.
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Figure 12: a) Range of anomaly effects per pseudodepth over the electrode spacing (a=1.5m) from the Ammer ERT data. Pseudodepths
of 10—25 a show highest ranges of anomaly effects (maximum at 15 a), and are hence most suited for the subsequent lateral
mapping with a fixed electrode spacing. b) Result of a mapping campaign with an electrode spacing of 15 a (22.5 m),
indicating a meandering belt of higher resistivities in east-west direction (from Klingler et al. [2020a]).
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4.4.3. Advantaqges of anomaly effects in field application

The lateral extent of the higher-resistive anomaly is similar in the inversion result and the pseudosection of
anomaly effects (Figure 11c and d), but the inversion yields more reliable information on a probable
resistivity distribution in the subsurface. It therefore serves as a reference for the potential depth, thickness
and parameter distribution of the resistivity anomaly at the profile location. However, the pseudo section of
anomaly effects can be used to determine suitable electrode spacings for a subsequent spatial mapping of
the anomaly at places different from the initial ERT profile. One or several electrode spacings with a large
range of anomaly effects may be used for a targeted mapping campaign covering 100,000 s of m? without
the need of another ERT profile. In the Ammer floodplain, we mapped an area of more than 600,000 m?
within 19 h, traced the target anomaly over at least 750 m and defined a suitable location for an additional
ERT profile. Capacitive geoelectric mapping or pulled array continuous electrical profiling tools could

greatly increase the mapping speed and therefore the efficiency of the preliminary site characterization.

4.5.Conclusions

Geoelectric mapping is an efficient method to trace the lateral extent of a resistivity anomaly over large
areas. We use our evaluation of anomaly effects to detect an anomaly in data space of a preliminary ERT
profile and determine a site-specific electrode configuration for a subsequent spatial mapping. We have
presented two approaches to calculate the background apparent resistivity at each location, by either
analyzing the full profile of ERT data within the same pseudodepth, or a subset thereof centered about the
investigation point. The latter approach is suitable to separate effects of lateral trends in the background
apparent resistivity from those of the targeted anomaly. The pseudosection of anomaly effects then visualizes

the lateral extents of the anomaly, which may be confirmed by a full inversion of the data.

More importantly, we can determine the range of anomaly effects for each pseudodepth. Electrode spacings
with high ranges of anomaly effects are sensitive to lateral resistivity changes in the subsurface and
independent of standard depth of measurement sensitivity estimates. The range of anomaly effects therefore
serves as a site-specific measure for suitable configurations for geoelectric mapping with constant electrode
spacing. We tested this method at our floodplain field site in Southwest Germany. Ranges of anomaly effects
from a preliminary Wenner-a ERT data set helped identifying an optimal electrode spacing for subsequent
mapping. With the latter, we could trace an interpreted paleo-channel resistivity anomaly away from a

preliminary ERT profile.

The map of measured apparent resistivities hereby reveals a meandering course of the channel structure
throughout the floodplain and helps guiding future investigations and well installations. The initial ERT
profile required 20 labor hours of fieldwork and 12 h of data acquisition, whereas a mapping profile of
similar length was measured within 4 labor hours. In fact, the mapping campaign covered an area of more
than 600,000 m? in the time required to set up, measure, and break down the initial ERT profile. This time

advantage scales with the area of investigation and the required separation of survey lines.
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The proposed method does not replace a careful inversion of available full ERT data sets. In fact, the target
feature is determined from the inversion result of a preliminary full ERT dataset. The evaluation of ranges
of anomaly effects rather serves as a tool to determine suitable electrode spacings for a site-specific, targeted
mapping campaign. Once detected, an anomaly can be laterally traced over large, flat areas to help guide
subsequent more thorough investigations. Time savings compared to parallel full 2-D ERT profiles hereby
apply to fieldwork and data acquisition (single representative profile and mapping vs. several full profiles),

as well as data evaluation (seconds of anomaly effect calculation vs. hours of inversion).
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5. MAPPING HYDROGEOCHEMICALLY RELEVANT FEATURES IN DETAIL
Abstract

In soils and sediments, large amounts of total organic carbon (TOC) mark reducing conditions. As dark
sediment colors are good predictors for high-TOC zones, they indicate hot spots of biogeochemical turnover
and microbial activity. Traditionally, obtaining the sediment color or TOC at depth requires costly core
sampling, resulting in poor horizontal resolution and related uncertainty caused by interpolation. We suggest
using a direct-push tool for optical screening of the sediment color to acquire multiple high-resolution
vertical color profiles and demonstrate its applicability to a biogeochemical transition zone in floodplain
sediments, dominated by tufa. We use Gaussian mixture models for a cluster analysis of 35 color logs in the
International Commission on [llumination (CIE) L*a*b* color space to identify three colorfacies that differ
in lithology and TOC content: a dark colorfacies that agrees well with peat layers, a gray colorfacies
associated with clay, and a creamy-brown facies made of autochthonous carbonate precipitates. We test
different approaches either to infer the TOC content from color metrics, namely, the lightness and chroma,
across all facies, or to identify TOC ranges for each colorfacies. Given the high variability in TOC due to
organic carbon specks in the tufa, the latter approach appears more realistic. In our application we map the
3-D distribution of organic matter in a floodplain in distinct facies over 20,000 m? down to 12 m depth.
While we relate the sediment color only to the TOC content, direct-push color logging may also be used for
in situ mapping of other biogeochemically relevant properties, such as the ferric-iron content or sedimentary

structure.
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5.1.Introduction

Organic carbon is one of the most important electron donors in soils and sediments. Zones of high total
organic carbon (TOC) content are hot spots of denitrification, iron, manganese, sulfur reduction, and
methanogenesis [Bauer and Kappler, 2009; Korom, 1992; Rivett et al., 2008], with further implications on
trace metal cycling [Glodowska et al., 2020; Kalbitz and Wennrich, 1998; Lawson et al., 2016; McArthur et
al., 2004]. In biogeochemical studies, the TOC content of soils and sediments may be predicted through its
well-established relationship to dark colors [Blume and Helsper, 1987; Konen et al., 2003; Steinhardt and
Franzmeier, 2008; Viscarra Rossel et al., 2006b; Wills et al., 2007]. Sediment color in turn is one of the
most basic, yet highly informative parameters in geoscience. It is one of the first properties described in
classical field geology and sedimentology and used for soil classification in soil science. Color may indicate
sediment features [Dorador and Rodriguez-Tovar, 2016], climatic and seasonal cycles in limnology and
marine geology [Nederbragt and Thurow, 2001; Peterson et al., 2000; Zolitschka et al., 2015], soil fertility
[Adamchuk et al., 2004; Liles et al., 2013], redox conditions [Lyle, 1983], and other soil and sediment
properties [Gholizadeh et al., 2020; Hartemink and Minasny, 2014; Spielvogel et al., 2004; Viscarra Rossel
et al., 2009; Waiser et al., 2007]. In this study, we record the in situ sediment color by direct-push color
logging to demonstrate its suitability to detect and map deeper subsurface features with high TOC content
(i.e., peat layers) potentially relevant to biogeochemical cycling, microbial activity, and pollutant turnover
processes. TOC measurements are commonly done on samples, taken either with a manual soil sampler or
from drilling cores. While topsoil samples may be taken at high spatial resolution over large areas, gathering
deeper subsurface samples by drilling is time consuming, costly, and labor intense. In most cases, only a
limited number of cores, often at substantial distance to each other, can be taken. As a result, the continuity,
connectivity, and geometry of potentially relevant high-TOC features cannot be resolved. If the lateral extent
of the features is smaller than the distance between the cores, neither geostatistical analysis nor deterministic
interpolation to construct profiles of facies distributions or individual properties of the subsurface, such as

the TOC content, is possible.

A way to fill the gap between discrete sampling points and to obtain (semi)continuous information about the
subsurface is by geophysical surveying. Ground-penetrating radar [Comas et al., 2017; Corradini et al.,
2020], geoelectric [Kettridge et al., 2008; Kowalczyk et al., 2017; Slater and Reeve, 2002], and
electromagnetic surveys [Silvestri et al., 2019] are not sensitive to TOC directly yet have been applied to
map thicknesses and layer contacts of peats and other geophysical facies with high TOC determined on core
samples. However, the detectability of thin deeper layers, as well as their internal heterogeneity and
stratification, suffers from strong signal attenuation at sites with a thick, conductive top layer and from rapid
decrease in vertical resolution with depth [Comas et al., 2015]. Alternatively, relating well-logging
parameters to TOC content allow a depth-independent high vertical resolution of carbon content in
petroleum geoscience [Passey et al., 1990; Zhu et al., 2020]. This, however, requires costly boreholes and
downhole equipment and is hence highly impractical for spatial mapping of TOC in near-surface formations.
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For the detection of peat layers, the use of cone penetration tests (CPT) is also suggested, as CPT results in
high friction ratios and very low tip resistances [Boylan and Long, 2012; Lunne et al., 2002; Tumay et al.,
2013]. However, the relationship between the mechanical soil properties and TOC content is not necessarily
unique, can be site specific, and may be confronted with sensitivity issues of the CPT probe in reliably
acquiring the very low tip resistances expected for peat layers [Boylan and Long, 2012]. That is, densely
spaced in situ color profiles may be the best option for a quick and highly resolved indirect imaging of TOC

content independent of depth.

A common approach of measuring color in soil science is by means of spectrophotometers or near-
infrared/visual (NIR-VIS) spectral probes [Adamchuk et al., 2004; Moritsuka et al., 2019; Viscarra Rossel
et al., 2006a]. The color of the soil is measured on grab samples in the lab, on outcrops, or on samples under
field conditions [Doetterl et al., 2013; Heil et al., 2020; Morgan et al., 2009; Zhang and Hartemink, 2019b].
Alternatively, optical imaging tools have been developed to acquire in situ soil color on the ground surface
[Rodionov et al., 2015], in fresh trenches of up to 20 cm depth [Aliah Baharom et al., 2015; Knadel et al.,
2015], or by probes pushed down to 120 ¢m into the ground [Poggio et al., 2015; Veum et al., 2018; Zhang
et al., 2017]. The traditional color classification with Munsell color charts is hereby known to be rather
subjective, because it depends on the eyesight of the researcher and the surrounding light conditions
[Melville and Atkinson, 1985]. Therefore, in recent years most studies report sediment color measurements
from spectrophotometers, core scanners, and NIR-VIS probes in the L*a*b* color space of the International
Commission on Illumination (CIE) [Melville and Atkinson, 1985; Viscarra Rossel et al., 2006b]. This color
space can be visualized in 3-D Cartesian coordinates with L* as the lightness axis ranging from 0 (black) to
100 (white), the a* axis ranging from green (negative) to red (positive), and the b* axis ranging from blue
(negative) to yellow (positive) [CIE, 1978]. The corresponding cylindrical system of coordinates expresses

the a*b* values as chroma C*, representing the color saturation and the hue angle h°.

Relationships of sediment color in the CIE L*a*b* color space have been reported for iron content [Barron
and Torrent, 1986; Heil et al., 2020], mineral composition [Barron and Torrent, 1986; Scheinost and
Schwertmann, 1999; Torrent et al., 1983], and TOC content [Aitkenhead et al., 2013; Viscarra Rossel et al.,
2006b]. Most recently, cluster analyses of spectrophotometer measurements and even digital images of a
soil profile wall allowed delineating soil horizons and parameter zonation solely based on color [Zhang and
Hartemink, 2019a; b]. Promising as they are, these relationships are limited to color measurements on
available outcrops, grab and core samples, as well as to the shallow depths which can be reached by the in
situ probes. The ex situ approaches additionally bare color alterations during the coring, sampling, and
sample-processing procedures. Many studies reported an alteration of the sample color due to changes in

moisture content, mineral precipitations, or oxidation [Morgan et al., 2009; Wijewardane et al., 2020].

We see a need of in situ subsurface characterization by color at greater depth than possible by the usual grab
samples and in situ probes and with higher spatial resolution than by few costly drilling cores. These

requirements are met by direct-push in situ color logging, in which a rod with an outward oriented sapphire
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glass window is continuously advanced into the ground by standard direct-push machines. A sensor in the
probe or in a surface processing unit records a defined wavelength or the entire visual spectrum of light
reflected from the sediments upon illumination by a white light or a laser [Ackerson et al., 2017; Bujewski,
1997; Einarson et al., 2018; Hausmann et al., 2016; Kram et al., 2001; McCall et al., 2018]. Sounding
locations can be spaced in the low decimeter range for high horizontal resolution and executed along
transects or grids with more than 100 m of probing per day [Einarson et al., 2018; Hausmann et al., 2016;
McCall et al., 2018]. Dalan et al. [2011], Hausmann et al. [2018], and Rabiger-Véllmer et al. [2020] used
multiple vertical color logs along profiles to detect and map the geometry of archeological features based on
spatial and vertical color contrasts. Similar probes have been used to detect and map contaminants and dye
tracers in the subsurface [Einarson et al., 2018; Kram et al., 2001; McCall et al., 2018; Reischer et al.,
2020]. The vertical resolution is in the centimeter range. In contrast to drilling methods, direct-push color
logging does neither suffer from alterations of the sediment color upon sampling nor from false depth
allocations due to incomplete core recovery or core compaction/expansion. Direct-push color logging
therefore appears a promising approach to image the spatial distribution of sediment color over several

meters depth at a depth-independent resolution so far unmet by any other geophysical method.

In this study we use direct-push color logging to characterize the spatial color distribution of floodplain
sediments over 165 m X 130 m X 12 m yet with a high vertical and spatial resolution. The sedimentary
record consists of lithofacies in three distinct colors (gray, brown, and dark). We target the distribution of
dark colored high-TOC features identified as peat lenses which are potentially relevant to the floodplain
hydrogeochemistry. Hence, we perform a cluster analysis of the obtained L*a*b* values from 35 color logs
by a Gaussian mixture model resulting in three colorfacies and construct profiles of the facies distribution.
Finally, we determine a site-specific relationship between the sediment color and the sediment TOC content

and assign ranges of TOC to the individual colorfacies.

5.2. Methods

5.2.1. Site Setting

We performed the direct—push color logging fieldwork in unconsolidated Quaternary floodplain sediments
in the Ammer valley near Tiibingen, Germany. Previous floodplain-wide distributed sediment coring
indicated a sedimentary succession typical for European Pleistocene to Holocene floodplains [Dabkowski,
2020; Fuchs et al., 2011; Lespez et al., 2008; Newell et al., 2015; Zdk et al., 2002]: up to 10 m thick clay—
rich gravels at the bottom, overlain by a 1 — 3 m thick silty clay, up to 8 m thick calcareous tufa sediments
with abundant vegetation and organic-rich layers and an upper 2 m of silty clay alluvial cover [S Martin et

al., 2020]. In many of these cores we found up to 1 m thick peat layers at different depths within the tufa
sequence. Tufa sediments generally indicate a spatially very variable swampy depositional environment with

ponding waters and patchy vegetation in warm climate [Dabkowski, 2020; Pedley, 1990]. Therefore, we
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expected a high spatial variability of peat lenses with high organic carbon content. In the Ammer valley
floodplain, the tufa sediments function as a confined regional aquifer with strong reducing conditions in the

floodplain center [S Martin et al., 2020].

Along the fringes, however, oxic water infiltrates from the surrounding hillslopes and causes a
hydrogeochemical transition zone along the floodplain boundary. As a result, we measured dissolved oxygen
in monitoring wells at the hillslope and floodplain perimeter yet no dissolved oxygen, low redox potential,
and elevated bisulfide concentrations in monitoring wells approximately 50 m toward the floodplain center.
The width of this transition zone along the floodplain fringe may hereby be strongly influenced by the
presence and extent of TOC-rich peat layers and their electron donor capacity for microbial activity and

solute turnover processes.

5.2.2. Field and Lab Methods

We conducted the in situ measurements and core drillings with a Geoprobe 6610DT direct—push rig (Kejr,
Inc., USA) at 35 locations within a 165 m X 130 m area at the boundary of the floodplain. For in-situ color
measurements to a depth of approximately 12 m, we used the soil color optical screening tool-SCOST
(Dakota Technologies Inc., USA) as direct—push color logging probe [Dalan et al., 2011]. This tool records
the visible light reflected from the sediments in XYZ color space with reference to the D65 white point of
the CIE 1964 10° supplementary Standard Observer [Hausmann et al., 2016]. We set the color acquisition
frequency to two measurements per second; hence, the vertical resolution of the measurement depends on
the rate of advancement. The median of the vertical resolution was 1.12 ¢m. Prior to each probing, we
calibrated the color logging tool with acrylic color in mars black and titanium white (Liquitex, Basics
Acrylic) with L* = 26.6 and L* = 99.67, respectively. For additional information on the tool, software, and
internal signal processing, we refer to Dalan et al. [2011] and Hausmann et al. [2016]. For method
comparison, we also recorded vertical profiles of electrical conductivity and natural gamma radiation at one
of the color logging locations. At this location (X112), we also retrieved a sediment core to compare the in
situ colors to lab measurements and later took samples for TOC analysis. In the lab, we split off the upper
third of the core lengthwise to create a fresh surface and avoid contamination from smearing effects along
the inside of the plastic liner. We then covered the core with transparent plastic wrap and measured the
sediment color with a Pausch color 5d handheld spectrophotometer (Pausch Messtechnik GmbH, Germany)
three times per 1 cm depth interval to account for horizontal color variability. After these color
measurements, we took 52 samples for subsequent TOC analysis. Again, the outer 1 cm of each sample was
cut off to avoid cross contamination. These 52 and additional 47 sediment samples from nearby cores were
dried and milled for homogenization. We then determined the TOC content of each sample by adding the
TOC400 and ROC results from Elementar SoilTOC cube (Elementar Analysesysteme GmbH, Germany)

three—staged loss on ignition measurements.

43



5. Mapping hydrogeochemically relevant features in detail

5.2.3. Data Processing

We translated the XYZ color data into the CIE L*a*b* color space. Subsequently, we fitted a Gaussian
mixture model with three components to the merged set of CIE L*a*b* data of all in situ profiles using the
function fitgmdist of the statistics and machine learning toolbox of Matlab [McLachlan and Peel, 2004]. A
Gaussian mixture model approximates the density of data points by the superposition of several multi—
Gaussian distributions, each representing a cluster. In comparison to classical k—-means clustering, Gaussian
mixture models allow identifying clusters of points with different compactness and orientation in the
parameter space. We give a more thorough explanation on the cluster analysis with Gaussian mixture models
in Text S1 in the supporting information. The optimal number of clusters may be determined by application
of information criteria (see Figure S2 in the supporting information in the Appendix). In our application,
however, we chose the number of color clusters based on the best agreement with the lithological sequence
reported for the Ammer valley sediments [S Martin et al., 2020], resulting in three consistent clusters that
can be related to a clay, peat, and autochthonous carbonate facies. That is, we dismissed a purely color—
based distinction of more clusters that may have been justifiable by information criteria but did neither reflect
comprehensible lithological differences nor improved the prediction of TOC content from the color
classification. By fitting the Gaussian mixture model to the data, we assigned a membership probability for
each of the three clusters, representing colorfacies, to each data point of each profile. For each data point we
determined its most probable cluster membership and also evaluated the uncertainty of its assignment based

on the membership probabilities for alternative clusters.

After cleaning the colorfacies profiles for outliers, we interpolated the contacts of the dominant colorfacies
between the color log locations to visualize the three—dimensional colorfacies distribution along vertical
cross sections. Finally, we fitted parametric functions to data from 99 sediment samples to predict their TOC
content either from sediment lightness or a combination of lightness and chroma. Additionally, we separated
the ranges of TOC content for each colorfacies and compared these to TOC ranges of lithofacies identified

on the core.

5.3.Results and Discussion

Figure 13 shows a comparison of direct-push color measurements to other direct—push and downhole
geophysical measurements, lithological descriptions, and handheld—spectrophotometer measurements on a
drilling core. We performed the core drilling and reference geophysical measurements within 50 cm distance
from the direct—push color log. We resampled all measurements to a vertical resolution of 1 cm by nearest—

neighbor interpolation since the spectrophotometer measurements were performed in 1 cm intervals. We

could distinguish the main lithofacies in a sedimentological core description as expected from preceding
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drillings (clayey gravel, lower clay, tufa, and upper silty clay) and determined two subfacies of the tufa, as
well as three individual peat layers of 17, 40, and 22 cm thickness (Figure 13a).

The gray matrix—supported gravel at the bottom of the core contains mudstone clasts of up to 3 cm in an
otherwise clayey matrix and upward grades into the lower gray clay similar to the gravel matrix. A
subsequent upward gradation in color and texture forms the lithologic contact between gray silty clay at the
bottom and dark peaty silt on top at 7.43 - 7.2 m depth. This dark layer is the base of a 5.4 m thick calcareous

tufa section with two subfacies: brown tufa with sand—sized grains, white tufa with gravel-sized grains, and
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Figure 13: Example profiles of a floodplain sediment based on direct - push logging and sampling at location X112. From left to right:
(a) lithology, (b) electric conductivity, (c) natural gamma ray emission, (d) probability of colorfacies membership by
clustering using a Gaussian mixture model, (e) full color, (f-h) CIE L*a*b* channels (red: lab - based measurement on
sediment core; blue: direct-push in situ measurement), (i) CIE chroma C*, (j) total organic carbon content in samples
(black bars) and ranges predicted by the colorfacies (from Klingler et al. [2020b]).

45



5. Mapping hydrogeochemically relevant features in detail

peat. The brown tufa section contains an abundance of vegetation remnants between 7.2 and 2.92 m with
two very dark peat layers at 4.0 - 4.25 and 5.36 - 5.88 m depth and a brown peat layer at 4.76 - 4.89 m. It is
dominated by coarse sand to gravel-sized hollow cylinders of carbonates in a silty matrix. The upper section,
the white gravely tufa (2.92 - 1.73 m), is composed of well-sorted cream to white calcareous tufa gravels
with almost no vegetation remnants. Above, the upper clay shows a gray colored lower third between 1.73
and 1.2 m depth and a brownish upper section with roots and rare brick fragments in the uppermost 50 cm.
The electric conductivity profile (Figure 13b) shows higher values in the upper 2 m, as well as at around 6
m depth, but shows otherwise no clear pattern. The natural gamma radiation measurements of six logging
runs were averaged and reflect the abundance of radioactive 4K with higher counts in the upper and lower

clay and almost no signal within the tufa section (Figure 13c).

The in situ color measurement is presented in visual color as it would appear to an observer in Figure 13e
and shows three main parts: a grayish-reddish upper section (0 - 2.9 m), a light to dark brown midsection
(2.9 - 7.2 m), and a gray bottom section (7.2 - 9.6 m). The transition at 2.9 m is sharp, whereas the transition
at 7.2 m depth appears downward gradational from brown to gray. Hence, both transitions match the
described color changes of the core. Darker zones in the midsection are visible with relatively strong color
contrast to the surrounding colors, whereas the lower clay and mudstone gravel are not distinguishable in
the color log and hence are referred to as the lower gray section. The individual components of the CIE
L*a*b* color space (blue lines in Figure 13f - i) show more detail of the in situ color log. The sediment
lightness L* ranges between 26 and 60 with low a* and b* values in the gray sections and higher values in
the brown section. The tufa lithology generally matches highest lightness and chroma values with strong

vertical heterogeneity. Three box—shaped patterns are well distinguishable from 3.92 - 4.12, 5.2 - 5.85, and

6.96 - 7.15m depth and internally consistent in low lightness (shaded zones in Figure 13f).

We compare these in situ color measurements with spectrophotometer measurements on the core (red lines)
that show gaps where lost core hindered a continuous measurement. The general trend in sediment color
matches well between in situ and ex situ measurements with comparably higher lightness and color
saturation (chroma) measured under in situ conditions. However, the depth allocation and thickness of
specific sections mismatches, that is, the dark section at ~5.5 m depth appears 15 cm higher and thicker in
the in situ log than in the core and spectrophotometer log. Overall, these dark sections at 4, 5.5, and 7 m
depth are located up to 20 cm higher and are up to 40% thicker in the in situ color log compared to the
spectrophotometer measurements on the core. Finally, the 52 TOC samples from the core show relatively
low values in the clay-rich upper and lower lithofacies, a fairly heterogeneous TOC distribution in the tufa
section, and very high values in the peat layers (Figure 13j). Neither of the geophysical profiles correlates
with the peat layers described on the core. Hence, the results presented in Figure 13 demonstrate the
advantage of a continuous in situ color log of the subsurface to determine internal heterogeneity and depth

allocations with high resolution where common in situ geophysical methods (i.e., electric conductivity and
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natural gamma ray logs) are not sensitive to targeted sedimentary changes. The comparison of the in situ
direct—push color measurements to spectrophotometer measurements on the core validates the assumption
that the probe was not affected by smearing effects, since color changes are sharp and located at higher
positions in the direct—push color log. The peat layers were very soft and fully water saturated. Therefore,
we interpret the offset in depth allocation and the decreased peat thickness in the core as a result of sediment
compaction during the coring process. In addition, the lower lightness and chroma values on the core are
probably due to the exposure of the previously fully saturated sediments to air in the lab and resulting
changes in moisture content and chemical alterations. This is in accordance with studies showing a decrease
in lightness within the first hours of drying for various saturated sediments [Lobell and Asner, 2002; Persson,
2005]. Direct—push color logging hence minimizes common challenges in subsurface characterization from
cores such as erroneous depth allocation due to compaction and poor core recovery, as well as sediment

color alterations.

5.3.1. Spatial Mapping of Colorfacies

A highly resolved color log visualizes the vertical sediment heterogeneity yet makes it challenging to
identify any other than the main lithological boundaries. In order to describe the 3—D subsurface architecture
from all 35 in situ color profiles, we focus on the main color contrasts and therefore assign all data points to
either a gray, brown, or dark colorfacies by cluster analysis using a Gaussian mixture model applied to the
color data in the CIE L*a*b* color space. We present a comparison of original and clustered color logs in
Figure 14a and b and visualize the individual measurements per cluster in Figure 14c - e. The supporting
information includes the coefficients of each cluster obtained by the iterative Expectation—Maximization
method [McLachlan and Peel, 2004] and the probabilities of each measurement point to belong to the

individual clusters.

We identified a dark cluster of lower lightness, a gray cluster of a wide range of lightness but low chroma,
and a brown cluster of a similar range of lightness yet higher chroma. In total, a fraction of 5.9% of the color
measurements were classified as dark, 52.7% as brown, and 41.4% as gray colorfacies. A thick dark layer in
6 m depth and thinner dark layers at 4 and =8 m depth were resolved in almost all logging locations. The
brown colorfacies is dominant between 2.5 and 9 m depth and bound by gray colorfacies on top and below.
At first glance, the upper and lower clay-rich lithologies correlate to the gray colorfacies and are
differentiated from both the tufa (brown) and peat (dark) sections. The upper gray section, however, also

shows scattered brown patches in several color logs (Figure 14b).
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Figure 14: Cluster analysis of color profiles in CIE L*a*b* color space using a Gaussian mixture model. (a) All 35 original and (b)
the resulting clustered color profiles. (c-e) Cluster bounding surface in CIE L*a*b* color space and all 36,903 individual
measurements associated to the (c) gray, (d) brown, or (e) dark cluster. The colors in (b) differ from the mean L*a*b*

values of the clusters, the scatter point shading in (c-e) shows the true measured sediment colors (from Klingler et al.
[2020b]).

A more detailed comparison of the lithofacies and colorfacies in Figure 13a and d, respectively, shows that
the upper, white to cream colored section of the tufa is clustered into the gray colorfacies down to the strong
increase in chroma at 2.92 m depth. The color clustering obviously struggles with sediment colors plotting
near the bounding surfaces of the colorfacies in Figure 14c - e. The brown peat layer, for example, was
clustered into the brown colorfacies since color logging is blind to sedimentary composition. The advantage
of a cluster analysis with a Gaussian mixture model is the determined probability of each data point to belong
to either of the individual clusters. Therefore, in contrast to assigning each data point to a unique colorfacies
as in Figure 14b, we visualize the cumulative membership probabilities of the individual clusters in Figure
13d and Figure 15b. This shows that most measurements were assigned a unique colorfacies with certainty
(probability ~1) resulting in mostly sharp contacts between the different colorfacies. Especially the upper
gray colorfacies, however, additionally shows sections of nonunique cluster affiliations (0<<probability<1)
where color measurements could be assigned to more than one of the three clusters depending on the
individual membership probability. Measurements with an equal membership probability for two clusters

plot on the bounding surface between the clusters visualized in Figure 14c - e and show both colors at the
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same depth in Figure 13d and Figure 15b. Significant membership probabilities for more than one colorfacies
were assigned in the uppermost soil zone, as well as within the cream colored tufa. Such uncertain colorfacies
memberships cause the patchy patterns in the upper 3 m of Figure 14b and need a careful interpretation with

respect to their site—specific relevance.

To visualize the 3-D colorfacies distribution between all 35 color logs, we interpolated the spatial
distribution of the main colorfacies over a 165 m X 130 m area in Figure 15a. We performed the direct—push
color logs with larger spacings of 10 - 20 m along two main transects and refined the spacing close to their
intersection down to 1.25 m between logging locations. The brown, tufa—related colorfacies is generally =6
m thick and thins out toward the south. The main target of color logging was the dark peat feature at ~6 m
depth, which continued over at least 135 m in the west—east direction and more than 100 m in the south—
north direction. Along the diagonal and densely spaced transect, the main colorfacies contacts show similar
depth allocations, while the thinner dark layers in 4 and 8 m depth do not fully extent over the entire transect
(Figure 15b). As a result, we acquired a well-resolved image of the subsurface colorfacies distribution by
direct-push color logging and could adaptively refine logging spacings to resolve the spatial extent of

individual colorfacies.
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Figure 15: (a) Interpolated colorfacies boundaries between all 35 color logs. (b) Probability cross section along the red transect to
visualize the uncertainty in cluster assignment within each log (from Klingler et al. [2020b]).

5.3.2. TOC Estimation Using Sediment Colors

The potential of geochemically relevant features to function as hot spots for biogeochemical turnover and
microbial activity depends on their spatial extent and TOC content. We thus analyzed a possible dependence

of TOC content on sediment color. We established site—specific relationships between TOC content and
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spectrophotometer measurements from 52 samples from core location X112 and 47 additional samples from
nearby core locations deriving different parametric functions. The TOC content of all samples ranged

between ~50% in darker and 0.9% in lighter sediments.

After plotting the TOC content of each sample (TOC) as function of the spectrophotometer lightness L and
chroma C (see Figure 16a), we fitted the following parametric surface to the data:

n

TOC(L,C) = TOCyqx (1 - J+sxcC (5.1)

n
Lg,+L"

in which the maximum TOC content TOC,, 4, at zero chroma, half-lightness Lg,, the exponent n, and the
coefficient s relating the chroma to the TOC content were the fitting parameters. There is no physical
reasoning for the specific parameterization of Equation 1 beyond expressing a negative, nonlinear influence
of the lightness and a positive influence of the chroma on the estimated TOC content. The parametric fit is
visualized by the gray surface in Figure 16a and describes the data with a root-mean—square error (RMSE)
of 6.5% TOC. However, we achieved a similarly small RMSE value of 6.7% TOC by fitting the simpler
dependency of TOC on the spectrophotometer lightness L only (Figure 16b, black dashed line) using the

model:

TOC(L) = TOCax (1 - 7o) (5.2)

L% +L"

implying only a weak relationship between chroma and TOC content. In addition, we also followed the
suggestion of Liles et al. [2013] and tested independent parametric functions for preclustered samples. As
the samples of the dark cluster did not show any clear dependence of the TOC content on either the lightness
or the chroma, we merged it with the brown cluster, distinguishing now between gray and nongray samples.
We fitted equation 5.2 to the data points characterized as nongray (brown line in Figure 16b), and an

exponential function to the data points belongs to the gray colorfacies (gray line in Figure 16b):
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Figure 16: Relationship between sediment TOC content and spectrophotometer. (a) Lightness and chroma. (b) Lightness only, both

for all data, as well as for gray and nongray colorfacies separately. (c) Median TOC value and ranges per colorfacies from
the cluster analysis (CF) are comparable to those for lithofacies described on the core (LF) (from Klingler et al. [2020b]).
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TOC(L) = TOC,,qy X €Xp (— %) (5.3)

yet could not significantly improve the RMSE (6.5% TOC). Optimal values for the fitting parameters
TOC,qx>» N, L, and s, as well as the correlation matrices and RMSE for each model, are given in the

supporting information.

Instead of directly translating the color measurements into sediment TOC content, we rather acknowledge
the uncertainty described by the RMSE and assign ranges of TOC content to each colorfacies. We present
these ranges for all three main lithofacies (LF) described on the sediment core (Figure 13a), as well as the
three colorfacies (CF) derived from the cluster analysis (Figure 13d) in Figure 16c. Median values and ranges
of TOC content within facies, as well as the difference to other facies, are comparable between a lithology—
based and a color—based classification. The few outliers mismatching in assigned colorfacies and lithofacies

are indicated by the outer and inner marker colors in Figure 16b, respectively. Note that the medians and

ranges of the box plots are also assigned to the full depth profile in Figure 13j.

The overall relationship between sediment color and TOC content described by the individual parametric
functions is in accordance with the well-established relationship of higher TOC content in darker colored
sediments and soils [Blume and Helsper, 1987; Gholizadeh et al., 2020; Konen et al., 2003; Liles et al.,
2013]. The reported fitting parameters for the chosen parametric functions, however, are very site specific
and sample specific. The color measurements hence allow a generally applicable qualitative classification of
zones with relatively higher and lower TOC content by darker and lighter sediment colors, respectively.
Independent of the parametric model, however, the uncertainty in TOC prediction (RMSE of >6% TOC) is
significantly high for lighter samples with <10% TOC. Especially internally heterogeneous samples with a
dark surface on mainly light colored sediment and vice versa introduce errors since the color is only
measured directly on the sample surface. Hence, centimeter—scale color changes from roots or vegetation
remnants might be overinterpreted as spatially extensive variability of color and TOC content in the
subsurface. Additionally, a direct translation from in situ colors to spectrophotometer measurements to
predict TOC content may introduce errors due to previously discussed color alterations of the ex situ
samples. We therefore rather assign ranges of TOC content to the previously identified colorfacies which
proved to be comparable to ranges of TOC content for the described lithofacies. This allows a sound
assessment of the potential relevance of individual spatially extensive colorfacies to microbial activity and
pollutant turnover processes based on their median TOC content. In contrast to a lithology—based site

characterization from drilling cores, the direct—push color logging method is quicker, less invasive, and more

accurate in layer thickness and depth especially for the targeted soft and TOC-rich peats.
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5.4.Conclusions

Measuring in situ sediment color to depths of 12 m at densely spaced direct—push logging locations provides
a so far unmet image of the subsurface structure and heterogeneity. We classified site—specific colorfacies
and mapped their extent and contacts at a depth—independent centimeter—scale resolution over 160 x 135 m.
The cluster analysis by Gaussian mixture models led to individual colorfacies agreeing well with
independently determined lithofacies. The in situ color logging is less invasive and much faster than a site
characterization based on few costly drillings and even more accurate when assessing thickness and depth
allocation of targeted color zones. In addition, the color logging results may serve as basis for a subsequent
excavation or coring campaign with precisely targeted sampling. For biogeochemical applications, the site—

specific relationships between TOC content and sediment color from few cores allow a direct mapping of
the TOC distribution in the subsurface. Considering the uncertainty in predicting TOC content for lighter
samples, however, we recommend using ranges of TOC content for each colorfacies instead. These ranges
proved to be comparable to those of the associated lithofacies described from a drilling core. Among the
geophysical logs applied in this study, only color logging was indicative of the TOC content. Considering
literature reports on using CPT to identify peat layers [Boylan and Long, 2012; Tumay et al., 2013] leads to

the suggestion of comparing or combining CPT and color logs as proxy for the TOC content in future work.

In the present study we used the direct—push based colorfacies delineation only to identify zones of high
TOC in the subsurface. The method, however, may be used for various other applications, such as mapping
the iron content and redox conditions in soil science and biogeochemistry, logging seasonal cyclicity in
paleo-environmental studies, chasing optical tracers in hydrogeology, or detecting archeological structures

and sedimentary features.
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Part Il

Targeted Characterization

The third part of this thesis aims to demonstrate the combination of complementary geophysical and
hydrogeological methods in a targeted hydrogeological characterization of sedimentary features. Therefore,
Chapter 1 follows up on the regional site characterization of the Ammer valley floodplain presented in
Chapter 3 and targets the spatial extent, internal heterogeneity, and relevant properties of two exemplary
sedimentary features: the gravel channel, which might increase the groundwater discharge and control the
overall water balance, and a peat layer, which might serve as a biogeochemical hotspot and facilitate solute

turnover processes in the valley fill.

The content of this part is published in German as part of:

[Klingler et al., 2021] — Kombination geophysikalischer und hydrogeologischer Methoden zur
gezielten Erkundung feinkdrniger Talfiillungen
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6. COMBINATION OF GEOPHYSICAL AND HYDROGEOLOGICAL METHODS

Typical fine-grained valley fills comprise different sedimentary features with contrasting properties to the
surrounding sediment. In general, geophysical methods reliably image the subsurface, but no single method
can detect and characterize all possible features. In addition, geophysical methods often suffer from a
tradeoff between large spatial coverage, yet limited vertical resolution (i.e. geoelectrics, seismics,
electromagnetics) and limited spatial coverage, yet high vertical resolution (i.e. sediment coring, borehole
logging, direct-push probing, or in-well testing). To overcome these challenges, I have used a site- and
target-specific combination of complementary investigation techniques to characterize sedimentary features
individually. This approach aims to first map the spatial extent of a feature at the regional scale by
geophysical methods with great spatial coverage and sufficient resolution. The relevant subareas are
subsequently targeted by more detailed in-situ measurements, which resolve the geometry and internal

heterogeneity and identify representative locations for absolute measurements of the relevant property.

In the Ammer valley floodplain, the regional hydrogeology is dominated by the Quaternary floodplain
lithologies and the interbedded hillslope deposits along the southern fringe. As discussed in Chapter 3.3, the
gravel channel and peat layers add a second layer of complexity and potentially function as groundwater
discharge pathway and biogeochemical hotspots, respectively. Consequently, I have determined their spatial
extent, internal heterogeneity, and influence on the regional hydrogeology of the Ammer valley in targeted
field campaigns. For this, I have combined the mapping methods presented in Chapter 4 and 5 with
additional geophysical and hydrogeological methods. The additional fieldwork locations are presented in

Figure 17.
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Figure 17: Locations of targeted measurements to characterize the gravel channel and peat layer in the Ammer valley floodplain
(modified and translated from Klingler et al. [2021]).
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6.1.Gravel channel

The sedimentary sequence of Quaternary valley fills typically consists of fluvial sediments deposited in one
or more cycles of sediment aggradation after previous valley incision. In European valley fills, coarse
grained fluvial deposits at the base of the sequence mostly bespeak a depositional environment with
relatively high transport energy during the late-glacial periods of the Pleistocene [ Gibbard and Lewin, 2002].
A decreasing surface water supply and lower transport energy during the following post-glacial periods
allowed sediment input from the sides of the valley to be preserved as fine-grained matrix in fluvial gravels.
As a result, a clean gravel with relatively high hydraulic conductivity may be preserved at the base of the
valley fill and could function as groundwater discharge pathway below more clay-rich gravels.

In the Ammer valley, I have observed such a well sorted gravel in the lower section of the sediment core
X072, which had been drilled into the interpreted deeper channel structure (see Chapter 4.4.1). This channel
feature could be spatially extensive with interconnected, higher transmissive zones and may strongly
increase the groundwater discharge through the gravel aquifer, hence impact the regional water balance.
Consequently, I focused on the spatial extent and internal heterogeneity of the gravel channel in a subsequent

more detailed investigation with surface and in-situ geophysical, as well as hydrogeological methods.

6.1.1. Target-specific methods

The gravel channel was characterized by a combination of geoelectric tomography and mapping, direct-push
gamma, EC, and HPT logs, and targeted monitoring wells for transmissivity estimates from pumping tests.
Two 550 m long Wenner-a electrical resistivity tomography (ERT) profiles, POO1 and P002 in Figure 18,
were measured across the Ammer valley floodplain with an electrode spacing of 2 m and 1.5 m, respectively.
The data was inverted using an L2-Norm optimization with a homogeneous starting model and a smoothness
constraint of A=20 in the software package pyBERT [Giinther et al., 2006]. In between the ERT-profiles, a
Wenner-a configuration with fixed electrode spacing was used for a targeted geoelectric mapping campaign
as described in Chapter 4.4.2. Vertical profiles of the natural gamma radiation were measured with a
downhole probe (Mount Sopris HLP-2375 gamma tool) in temporary direct-push casings along the mapped
trace of the channel. Measurements of 3 - 5 up- and downhole runs per location were averaged to suppress
outliers in the logs. The vertical electrical and hydraulic conductivity distribution was measured qualitatively
by direct-push HPT logging (Hydraulic Profiling Tool, Geoprobe) with a four-point electrode array at the
tip and an injection port on the side of the probe. This probe injects water into the sediment at a constant rate
of 300 ml/min while it is advanced into the ground [McCall and Christy, 2020]. The ratio between injection
rate and injection pressure yields a relative hydraulic conductivity [Dietrich et al., 2008]. The absolute
hydraulic conductivity in turn was estimated by short term pumping tests in 2” monitoring wells screened
over the entire thickness of the gravel aquifer. Finally, grain size analysis was performed according to the
DIN EN ISO 17892-4:2017-04 standard via sieving and subsequent sedimentation analysis of the fine
fraction (<0.063 mm) following Durner et al. [2017].
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6.1.2. Reqgional: Spatial extent of the channel structure

A zone of higher resistivity in the geoelectric tomogram along PO02 was interpreted as a thick gravel body
(Figure 18b) and validated in a drilling core at location X072 (see Chapter 4.4.1). To trace its spatial extent
away from the initial ERT profile, the apparent resistivity was mapped along ten parallel profiles with a
fixed electrode spacing of 22.5 m. Figure 18c shows all measurements across the floodplain indicating a
~200 m wide meandering belt of higher apparent resistivities. At the western end of the mapped area, the
second ERT profile (P0O01) was measured across the floodplain. The inversion result in Figure 18a shows a
sharp transition between a shallow, lower resistive and a deeper, higher resistive zone. Resistivities in the
upper zone are comparable to the resistivity range in the tomogram of P002, while resistivities in the lower
zone are significantly higher. The transition is located at an average depth of 10 m, yet it forms a channel-
like depression to a depth of ~20 m between 100 and 200 m along the profile. The location of this depression
matches the trace of the mapped higher apparent resistivities, hence indicates a continuous 20 m deep

channel along the base of the valley fill.

a) Inversion result: ERT-Profile P001 c) Geoelectric Mapping
_ 0 100 Distance along profile [m] 400 500
E, O jmm——e ™ Quat wmm Bike path
< 20 ua'em o Drilling core
Resistivity [m]
| . |
5.38 128 250
b) Inversion result: ERT-Profile P002
.0 100 Distance along profile [m] 400 500
% 0 'Quwry val'ley fill’ _-gg-i-_-'---._-.-xm......a.. .. —V —F r_es;slu.\;utyz[sf?;ﬂ
5207 g = 25.7 - 30.3
edrock
0O 40 — = 30.3 - 34.8
Resistivity [Qm] m 34.8 - 39.4
| B : :

14.2 28.8 434

Figure 18: Inversion results of ERT measurements along a) profile POO1 and b) profile P002. c¢) Results of a geoelectric mapping
campaign to trace the channel structure between the two profiles (modified and translated from Klingler et al. [2021]).

6.1.3. Targeted: Internal heterogeneity of the gravel body

After mapping the spatial extent of the higher resistive meandering belt, vertical logging methods were used
to validate this feature as a deep gravel channel. Figure 19a shows a comparison of the lithology, grain size
distribution, and a gamma log at X072, as well as a vertical profile of electrical conductivity (EC) and
relative hydraulic conductivity measured in one meter distance. The grain size distributions show a higher
matrix content (sand, silt, and clay) in the upper half of the gravel body and a very well sorted gravel between
17 and 20 m depth. Below, incompetent reddish mudstones indicated a zone of weathered Grabfeld
Formation. The electrical conductivity is uniformly low in the gravel body, as expected from the higher
resistivities in the ERT inversion result, and a sharp increase in conductivity at 11 m correlates with the
geological contact to the overlying clay layer. Comparably, the gamma log shows relatively high signal
counts per second (cps) at the depth of the overlying clay and relatively uniform values of ~20 cps in the

gravel body. In contrast to the EC-log, the gamma measurements also correlate with a zone of higher matrix
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a) Vertical Logs at X072 b) Along-valley profile of Gamma logs in the gravel channel
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Figure 19: a) Comparison of core description, grain size analysis and gamma log at location X072 and an HPT-profile with EC-log at
1 m distance; b) The along-valley profile of gamma logs indicates the spatial lithological variability in the gravel body and
the pronounced Tufa signature; c) The cross-valley profile of HPT- and EC-logs indicates the gravel aquifer thickness and
internal variability in relative hydraulic conductivity; d) Overview map with targeted measurement locations within the
channel structure (modified and translated from Klingler et al. [2021]).

content at 12 — 13 m depth. The lower contact of the gravel body is not detected by either method, yet can

be approximated by the maximum depth of penetration of the direct-push casing for the gamma log.

Nine gamma logs were measured in temporary direct-push casings along the trace of the higher resistive
feature (Figure 19b and d). The lower and upper contact of the gravel body were interpreted based on the
maximum depth of penetration and the distinct signature of the overlying clay, respectively. All logs confirm
a thick gravel body in a deeply incised paleo-channel along the trace of the higher resistive meandering belt
with a maximum depth of 22 m (Figure 19b). In addition, zones of higher and lower gamma signal were
recorded at different depths and was interpreted as zones of poorly and well sorted gravel, respectively.
However, the zones of well sorted gravel do not correlate in depth along the profile. This strong lateral
heterogeneity in matrix content indicates a similar heterogeneity in the roughly correlated hydraulic
properties.
58



6. Combination of geophysical and hydrogeological methods

6.1.4. Properties: Hydraulic conductivity in the gravel aquifer

The poorly connected, well-sorted gravel zones point to a hydraulic heterogeneity with disconnected higher
and lower transmissive zones in the gravel aquifer. In addition, the HPT log in Figure 19a also indicates that
the weathered mudstone bedrock at the base of the valley fill functions as part of the gravel aquifer. This
interpretation was validated by six HPT-logs in 20 m spacing along the ERT profile P002 (Figure 19¢). The
upper and lower boundaries of the gravel aquifer were interpreted based on the associated EC-logs and prove
an aquifer thickness of up to 13 m. Each log shows well distinguishable sections of higher and lower relative
hydraulic conductivity with thicknesses ranging between few decimeters and several meters. Especially in
the northern part of the transect, thin sections of higher and lower conductivity are interbedded. Comparable
to the gamma profile, the individual sections are poorly correlating between the individual HPT logs.
Therefore, no spatially interconnected zone of high transmissivity can be expected, but rather a patchy

distribution of highly conductive clean gravel zones within poorly sorted gravel.

Subsequently, targeted groundwater monitoring wells were installed at the gamma log locations to monitor
the hydrogeological and hydrochemical conditions along the gravel channel. Table 1 provides an overview
of transmissivity estimates from pumping and slug-tests, as well as groundwater electrical conductivity and
redox potential from field measurements. Electrical conductivity in these wells is comparable to the average
measurements in the gravel aquifer. In contrast, transmissivity estimates vary over two orders of magnitude
along the valley with highest values at location X072. In addition, redox potential measurements in the
targeted monitoring wells suggest less reducing conditions within the eastern part of the gravel channel
compared to the surrounding gravel aquifer and compared to the interpolated redox potentials solely based

on the regional monitoring well network presented in Chapter 3.1 (Figure 20).

Table 1: Hydrogeological and hydrogeochemical measurements in monitoring wells within the channel feature from West (X001) to East
(X012) (translated from Klingler et al. [2021]).

downstream ——— —— »

X001 | X003 | X072 | x004 | xo12 | fs"cir;gkzl:(";r:vel
Transmissivity [x 10* m?/s] 0.43 1.7 33 7.8 4.3 1.9
Electrical conductivity [uS/cm] 1190 1185 1170 1260 1130 1190
Redox potential [mVsHe] -18 8 120 95 -25 -49

6.1.5. Discussion: Influence on the regional groundwater discharge

The targeted geophysical and hydrogeological investigations confirmed a deep, gravel filled paleo-channel
at the bottom of the valley fill. Surface geoelectric measurements resolved the channel structure along both
ERT profiles and delineated the spatial extent in between (Figure 18). Alternative geophysical methods were
limited by the site-specific setting in the Ammer valley [Knodel et al., 2005]: Refraction seismics could not
resolve the upper contact of the gravel body due to similar lithological properties of the clayey gravel matrix
and the clay layer above. Ground-penetrating radar waves would have been strongly attenuated by the 2 m
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Interpolated redox potential in the gravel aquifer
a) based on the regional site characterization b) based on the targeted characterization
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Figure 20: Interpolated redox potential from field probe measurements in monitoring wells in the gravel aquifer a) based on the initial
monitoring well network and no targeted investigations and b) including the targeted monitoring wells in the gravel
channel.

thick loamy clay layer and could not have resolved the internal structure of the clayey gravel body. Even in
the geoelectric tomograms, thickness estimates and depth allocations are erroneous due to the problem of
equivalence in integral measurements and the non-uniqueness of the inversion result [ Flathe, 1976]. Along
P001, the resistivity contrast between bedrock and valley fill is well resolved, while it needs to be
interpolated between the validation drillings along P002. Here, also the gravel body is only resolved as an
individual geoelectric facies in the central channel, where its thickness and resistivity contrast are large
enough. The inversion results could be improved by additional a-priori data, such as EC-logs or fixed layer
boundaries from cores or additional surface geophysical measurements [Hellman et al., 2017; Hoffmann et
al., 2008; Wunderlich et al., 2018]. This, however, would be very time-consuming and labor-intense and
would only improve the results along the ERT profiles. The accurate gravel channel geometry, thickness,
and hydraulic properties are hence better determined by borehole geophysics in temporary boreholes and
vertical logs from in-situ probing along the channel. Poorly and well sorted gravel zones were resolved in
the gamma logs and allowed rough estimates of hydraulic properties based on the interpreted fraction of
fines. More accurate estimates of the relative hydraulic conductivity were measured by HPT probings in
dense spacing along transects. In this regard, the hydraulically connected weathered bedrock was accounted
as part of the gravel aquifer. In the Ammer valley, both methods proved a strong sedimentary and hydraulic
heterogeneity in the gravel body with no interconnected, high conductive flow path. However, absolute

hydraulic properties of the gravel aquifer can only be determined by in-situ hydraulic tests.

The results of the targeted investigation of the gravel channel allowed a quantitative estimation of its
influence on the groundwater discharge through the gravel aquifer and on the regional water balance of the
valley fill. For this, groundwater discharge estimates through a control plane along the ERT profile P002
were calculated for different scenarios with and without the incised gravel channel (Figure 21a). The cross-

sectional area of the gravel aquifer is conceptualized from the interpolated base of the weathered bedrock in
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the HPT logs, lithological contacts between drilling cores, and the geoelectric tomogram and divided into
three subareas. The discharge Q; through each subarea 4; is estimated with a constant hydraulic gradient i
and an individual hydraulic conductivity K;. The hydraulic conductivity estimates represent an average
hydraulic conductivity from pumping tests in all gravel wells (K;) and a maximum hydraulic conductivity
from the pumping test at X072 (K4 ). The sum of the individual discharges Q; finally yields the overall

discharge Q4 in the gravel aquifer through this control plane:

Qges =01+ Q2+ Q3 =1iX 23:10{1 X Aj) (6.1)

a) Conceptua)l model of the gravel aquifer
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Figure 21: Influence of the gravel channel on the hydrogeology of the Ammer valley (modified and translated from Klingler et al.
[2021]). a) Different scenarios of the hydraulic conductivity distribution over the conceptual cross section result in b)
different groundwater discharge estimates.

Scenario 3 most reasonably represents the hydrogeological conditions in the gravel aquifer with a generally
poorly-sorted gravel in the upper part and a well-sorted gravel with higher hydraulic conductivity in the deep
channel. The discrepancy in estimated discharge compared to other hydrogeological conceptualizations is
shown in Figure 21b. The groundwater discharge would be underestimated if the gravel channel were not
detected and considered (Scenario 1, based on the initial core drillings and pumping tests in the Ammer
valley, no geophysical investigations). In contrast, the discharge would be strongly overestimated, if the
aquifer properties were derived from a single, non-representative hydraulic test (Scenario 5, considering the

incised channel and assigning the hydraulic conductivity estimate from X072 to the entire aquifer).

Consequently, the geometry and heterogeneity of the gravel body and its hydraulic properties need to be
mapped along the entire valley to set up a more detailed water balance of the gravel aquifer. For this, multiple
parallel HPT transects across the mapped channel seem promising to image the relative hydraulic
heterogeneity and define representative locations for in-situ hydraulic tests. This way, groundwater sinks
and sources to the gravel aquifer can be determined from lateral changes in discharge estimates through the

parallel control planes.
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6.2.Peat layers in the tufa aquifer

The Holocene sedimentary sequence in many European valley fills shows thick carbonaceous sands, silts,
and clays of tufa and gyttja deposits [Dabkowski, 2020]. These precipitative sediments were deposited
autochtonously in low-energy environments with abundant vegetation during the interglacial warm periods
[Gibbard and Lewin, 2002; Pedley, 1990]. At the same time, peat layers and lenses formed in irregular
stagnant water bodies and are preserved within the tufa sequence as zones of high organic carbon content
with unknown spatial extent and thickness. Since organic carbon serves as the most relevant electron donor
in natural biogeochemical processes, such as the heterotrophic denitrification, these peats could serve as
hotpots of solute turnover and control the regional hydrochemistry of a valley fill [Haycock and Burt, 1993;
Rivett et al., 2008].

In the Ammer valley, I have observed such peat layers in the tufa sediments at different depths with no
lateral correlation (Chapter 3.3). These peat layers could be spatially extensive and show a high total organic
carbon (TOC) content compared to the surrounding tufa sediments. Hence, they might strongly control the
hydrochemical zonation in the tufa aquifer. For this, however, the hydraulic conditions in the tufa aquifer
must allow groundwater flow and solute transport through these biogeochemical hotpots. Consequently, I
mapped the spatial extent of the tufa sequence and of an exemplary peat layer therein, which was observed
in a drilling core in the southeast of the study area. Subsequently, I focused on the distribution of TOC and
hydraulic properties in the tufa aquifer in a more detailed investigation with in-situ geophysical and

hydrogeological methods.

6.2.1. Target-specific methods

The tufa sequence and the peat layer were characterized by a combination of electromagnetic mapping,
direct-push gamma, color, and HPT logs, and targeted sediment sampling for lab measurements of TOC.
The electrical conductivity distribution across the central part of the valley was mapped using two multi
receiver coil electromagnetic instruments (CMD Explorer and CMD Mini Explorer, GF Instruments) pulled
on a sled along trails and paths. Measurements were repeated with coil spacings between 0.32 and 4.49 m
to target different depths. Gamma logs were measured across the entire floodplain in temporary direct-push
casing as described in Chapter 6.1.1. Subsequent direct-push color logs were measured with an SCOST
probe (Soil Color Optical Screening Tool, Dakota) down to 12 m depth. Data processing and the correlation
of sediment color and TOC measurements on 99 targeted samples is described in Chapter 5.2. Finally,
relative hydraulic conductivity measurements were performed by direct-push HPT probings comparable to

Chapter 6.1.1.

6.2.2. Reqgional: Spatial extent and thickness of the tufa sequence

The geoelectric tomogram along profile PO02 in Figure 18b shows a uniform horizontal resistivity
distribution in the upper ten meters and the electromagnetic mapping showed no significant vertical and

horizontal conductivity variation in the central floodplain. Additionally, the EC logs in Figure 19¢ indicate
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no significant geoelectric contrast between the tufa sediments and the clay layers above and below. On the
contrary, the gamma logs in Figure 19b show very low counts per second (cps) in the tufa section with a
strong increase at the lithological contacts. Based thereon, the thickness and spatial extent of the tufa
sediments were mapped by gamma logging in temporary direct-push casing at more than 30 locations. Figure
22a and b show a map of the interpolated tufa thickness and an exemplary cross section along the ERT
profile PO02. The tufa sediments show a relatively uniform thickness in the floodplain center and thin out
towards the fringe of the floodplain. This extent of the tufa sediments also coincides with the hydrochemical

transition zone between oxic and reducing conditions along the floodplain fringe (Figure 20a).

6.2.3. Tarqgeted: Spatial distribution of the peat layers

The geoelectric measurements and gamma logs identify the spatial extent of the tufa sediments, yet resolve
no vertical heterogeneity. Subsequently, an exemplary one meter thick peat layer was mapped at the southern
floodplain fringe via direct-push color logging over an area of 165 X 130 m? (Figure 17, see Chapter 5.3.1).
Figure 22c¢ shows an exemplary cross section with RGB colors and clustered colorfacies at the southern end
of Profile P002. The thick peat layer is laterally extensive and dips from 4 to 6 m depth towards the floodplain

center. In addition, two smaller peat lenses were identified above and below.

a) Tufa thickness map from Gamma logs b) Tufa cross section
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Figure 22: Multi-scale characterization of the extent and heterogeneity of the Tufa sediments (translated from Klingler et al. [2021]). a)
The Tufa thickness map from gamma logs (red) over the entire floodplain allows for b) cross sections and c) detailed
investigations at the floodplain margin. Zones of high relative hydraulic conductivity from HPT profiling (blue) do not
correspond with peat zones in the color logs.

6.2.4. Properties:TOC and hydraulic conductivity distribution in the tufa sequence

The biogeochemical relevance of the peat layer strongly depends on its TOC content and hydraulic
connection to the surrounding tufa sediments. Figure 23a summarizes the TOC measurements on 99 samples
assigned to the gray, brown, and black colorfacies (CF), which were interpreted as clay, tufa, and peat

lithofacies (LF), respectively (see Chapter 5.3.1). The dark colorfacies shows highest values with a mean
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TOC content of 35% in contrast to 10% in the surrounding brown sediments. The targeted HPT
measurements indicate a higher hydraulic conductivity in the upper two meters of the tufa sediments, while
peat layers correlate with comparatively uniform, low relative hydraulic conductivities. (Figure 22c). This
distribution of relative hydraulic conductivity is consistent with the HPT logs in the central valley in Figure

19c.

6.2.5. Discussion: Influence on the regional hydrochemistry

The massive tufa sequence is very prominent in the sedimentary succession across the entire Ammer valley
floodplain. Its spatial extent and thinning towards the fringes are well resolved in the gamma logs due to the
unique signature of very low natural gamma radiation. Within the tufa, direct-push color logging resolves
internal heterogeneities and peat layers in centimeter-scale vertical resolution and allows an interpretation
of the TOC distribution. Gamma and color logs complement each other and can be rapidly applied in target-
specific spatial resolution down to decimeter spacing [ Hausmann et al., 2018; Rabiger-Véllmer et al., 2020].
The high TOC content of up to 50% indicates a biogeochemically active zone in the peat layers with
potentially strong influence on the hydrochemical conditions in the tufa aquifer. However, even though the
surrounding tufa sediments show lower concentrations of TOC, they contain almost twice as much organic
carbon over the entire thickness (Figure 23b). This organic carbon is also distributed as fine-grained
particles, resulting in a larger surface area in the tufa sediments, and is hence more bioavailable. In addition,
the lower relative hydraulic conductivity in the peat layers indicates preferential groundwater flow and solute
transport bypassing the peat layers through the tufa sediments. Consequently, the reducing conditions in the
tufa aquifer are not necessarily due to groundwater flow through the peat layers, but the tufa aquifer also
buffers the input of dissolved electron acceptors (such as Oxygen, Nitrate, or Sulfate) where no peat layers

are present.
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Figure 23: a) Ranges of TOC content in the colorfacies (CL) and lithofacies (LF) of the tufa sequence from the cluster analysis in
Chapter 5.3.2 (modified from Klingler et al. [2020b]); b) The Tufa sediments contain more organic carbon over their entire
thickness than the TOC-rich peat layers (modified and translated from K/ingler et al. [2021]). The TOC-content represents
the individual arithmetic mean of TOC measurements on 70 sediment samples.
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6.3.0verall Discussion

The Ammer valley floodplain represents a typical fine-grained valley fill with several sedimentary features
relevant to the regional hydrogeology [Gibbard and Lewin, 2002; Hagedorn and Rother, 1992; Lespez et
al., 2008; Newell et al., 2015; O Dochartaigh et al., 2018; Zdk et al., 2002]. At the large scale, the different
floodplain lithologies create a spatially continuous and horizontally layered sedimentary sequence with
fuzzy boundaries to the interbedded hillslope deposits along the floodplain fringe. Especially the extensive
clay layers divide the valley fill into separate, confined aquifers and allow individual hydrogeological and
hydrochemical conditions. The sedimentary features add a second layer of complexity to the geology and
hydrogeology. These features have been identified in only a few drillings of the regional site
characterization, hence the overall conceptual water balance (Chapter 3.4) inherited great ambiguities on
their geometry and internal properties. Nevertheless, the observed increase in groundwater discharge
through the gravel aquifer justified more detailed investigations on the geometry and internal properties of
the sedimentary features. Based thereon, I targeted the hydraulic conductivity distribution in the gravel
aquifer to estimate the groundwater discharge along the valley and targeted the spatial extent and TOC
content of the tufa sequence to identify relevant zones for solute turnover processes in the upper aquifer.
The combination of different investigation techniques hereby accounted for the shortcomings of individual
methods and rather focused on complementary information at different scales. The initial mapping methods
needed to be applicable to large areas with limited effort, while measurements of absolute properties needed
to be highly resolved and representative. For both features, the gravel channel and the peat layer, the
individual investigation techniques were chosen based on their site-specific applicability and availability as
well as the feature’s expected geometry and relevant properties. All methods applied in the Ammer valley

and the interpreted information are summarized in Table 2.

Both features were successfully delineated by the specific mapping methods and subsequent vertical logs to
resolve the detailed geometry and relevant properties: The meandering belt of higher apparent resistivities
connected the channel structures in the ERT profiles, indicated the width and trace of the structure, and
delineated suitable locations for subsequent vertical logging transects. These transects were used to resolve
the geometry and internal hydraulic heterogeneity by targeted EC, gamma, and HPT logs, as well as
subsequent pumping tests in representative wells. Direct-push color logging identified the dark peat layers
at high vertical and horizontal resolution and was combined with gamma, HPT, and lab analyses of select
sediment samples. Overall, the direct-push probings and gamma logs in temporarily installed casings
resolved the lithological layer contacts (Gamma and EC log) as well as the spatial distribution of the relative
hydraulic conductivity (HPT log) and TOC content (Color log). In particular, the major lithologies could be
interpreted based on their indicative signal strengths, which are summarized in a gamma catalogue in Table

3.
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Table 2: Methods and information gained in the Ammer valley (translated from Klingler et al. [2021]).

Measured subsurface
Method Information on the Ammer valley
property

Geoelectrics

Gravel channel geometry
Tomography along individual profiles electrical resistivity Bedrock contact

Continuity of floodplain sediments

Mapping with fixed electrode spacing apparent resistivity Spatial extent of the channel structure

Electromagnetics

Mapping with fixed coil spacing electrical conductivity -

Refraction seismics

Tomography along individual profiles seismic velocity -

Borehole geophysics

) o Variability in clay content in the gravel body
Gamma logging natural gamma radiation ) )
Layer boundaries of tufa sediments

Direct-push probings

Electrical conductivity logging electrical conductivity Layer boundaries of the gravel aquifer

HPT logging relative hydraulic conductivity Zones of higher hydraulic conductivity
Spatial extent of peat layers

Color logging reflected light Tufa geometry along the floodplain fringe
Interpretation of the TOC content

Core drilling

Direct-push and sonic drilling - Lithological description

Sieve and sedimentation analysis grain size distribution Depositional setting
Estimated hydraulic properties

Loss-on-ignition analysis total organic carbon content Potential hotpots of solute turnover

Groundwater measurements

Hydraulic  gradient  (horizontal &  vertical)

Water level measurements hydraulic potential o
Groundwater flow direction
) o Hydraulically preferred zones
Slug-Test and pumping test transmissivity .
Interpretation of the water balance
temperature
pH Hydrochemistry in the valley fill

Groundwater samplin
Ping electrical conductivity Groundwater recharge to the gravel channel

redox potential

In addition, the rapidly conducted vertical logs allowed both a large spatial coverage (layer thickness across
the valley) as well as densely-spaced probings in subareas (internal heterogeneity). Especially the wide range
of direct-push and borehole geophysical probes allowed targeted logs of various subsurface properties at
high resolution [Bumberger et al., 2015; Dietrich and Leven, 2009; Leven et al., 2011]. Finally, site-specific
relationships between the measured geophysical properties and absolute hydraulic (e.g. high transmissivity
from pumping tests in high resistive meandering belt) and geochemical (e.g. high TOC content from loss-
on-ignition measurements in dark sediments) properties were calibrated based on few labor-intensive in-situ

tests and samples at representative locations (e.g. targeted monitoring wells in the gravel channel).

I have only identified four and targeted two exemplary sedimentary features in the Ammer valley. The
additional features indicated in Chapter 3.3 could be identified, mapped, and characterized by similar
combinations of methods. Hillslope hollows could be mapped by seismic and ERT profiles across
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topographic lows on the hillslope. Subsequently, HPT and EC logs could resolve the internal relative
hydraulic conductivity distribution and the contact between weathered hillslope gravel and competent
bedrock (comparable to Figure 19a). Coarse-grained transmissive clay windows could be mapped by ground
penetrating radar measurements in the upper clay layer due to lower signal attenuation in coarser-grained
sediments [Paz et al., 2017]. The lower clay layer was not resolved in the ERT profiles and would be difficult
to be resolved via other surface geophysical measurements. However, the regional distribution of the vertical
hydraulic gradient between the aquifers from temporary multilevel monitoring wells would identify subareas
of vertical hydraulic exchange. Within these subareas, additional vertical profiling methods such as cone
penetrometer probings or borehole nuclear magnetic resonance (NMR) measurements could be used to
interpret lithological changes or a vertical hydraulic conductivity distribution, respectively [Boylan and
Long, 2012; Kirkland and Codd, 2018; Vienken et al., 2012]. Overall, the minimally invasive direct-push
and borehole logging methods allow a very dense lateral spacing in the meter-range and hence provide a
highly resolved geophysical parameter distribution in the relevant subareas [Einarson et al., 2018;

Hausmann et al., 2018; Rabiger-Véllmer et al., 2020].

Table 3: Signal strength of gamma logs (in counts per second [cps]) for the quaternary lithofacies (translated from Klingler et al. [2021]).

Natural gamma radiation [cps]

0 10 20 30 40
Tufa sediments
Clean Muschelkalk gravel
Clayey Muschelkalk gravel
Hillslope deposits
Upper and lower clay

Beyond the hydrogeological perspective, targeted investigations of smaller-scale sedimentary features also
provide valuable information to other fields of research such as archaeological and paleo-environmental
research [Barbieri et al., 2021; Hausmann et al., 2018; Rabiger-Vollmer et al., 2020]. The results presented
in this thesis also identified relevant areas for ongoing archaeological and paleo-environmental studies in
the Ammer valley [Heidgen et al., 2020; Krauf3 et al., 2020]. The deepest point in a valley presumably
contains the oldest sediments, which have been deposited at the beginning of the most recent sedimentation
stage of the valley fill. The trace and maximum depth of the gravel channel hence revealed ideal locations
for targeted sediment sampling and subsequent age dating. This way, potential remnants of previous cut-
and-fill cycles as well as the beginning of the recent depositional stage in the Ammer valley floodplain could
be identified. This is part of my current work in the Ammer valley and not in the scope of this thesis, yet
could complement a reconstruction of the overall changes in depositional environment on the catchment
scale. In addition, the tufa sequence allows a highly resolved reconstruction of the Holocene paleo-
environment and associated early human activity in the region [Heidgen et al., 2020]. The interpolated map
in Figure 22a hereby identified areas of thick tufa sediments, hence the best resolved paleo-environmental
records in the valley. At similar sites, direct-push color logging also allowed a lateral correlation of samples

and prominent layers [Hausmann et al., 2018; Rabiger-Véllmer et al., 2020]. Thus, the multi-scale site
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characterization can easily be adopted to multi-disciplinary studies by additional investigations within the

delineated sedimentary features.

Overall, the characterization of both exemplary Ammer valley features demonstrates, that sedimentary
features may require innovative in-situ measurements or novel data acquisition and processing methods in
addition to the pre-existing geophysical investigation techniques. Nevertheless, any smaller-scale feature
can be characterized by its individual combination of complementary methods even in large valley fills. This
way, the associated labor-intense acquisition of representative absolute parameters and samples is limited to

few representative locations.
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7. CONCLUSION

Fine-grained sedimentary valley fills can comprise smaller-scale sedimentary features with strong influence
on the regional hydrogeology and hydrochemistry. This thesis addressed their targeted hydrogeological
characterization by answering the research questions posed in Chapter 2 on the example of the Ammer valley

floodplain:
What are typical sedimentary features and are they relevant to the regional hydrogeology?

Sedimentary features were formed by the individual paleo-depositional environment of a valley fill and are
therefore very site-specific in geometry and internal properties.

In the Ammer valley, I have identified typical sedimentary features, such as peat layers, hillslope deposits,
clay windows, or a paleo-channel, which may serve as biogeochemical hotspots, surface water collectors, or
higher transmissive flow and transport pathways. Their presence, geometry, and hydraulic properties show
strongly relevant to the regional hydrogeology, when incorporated in a conceptual water balance of the
valley fill. Based thereon, I have further characterized two exemplary features, a gravel channel and a peat
layer, and their individual influence on the regional hydrogeology and hydrochemistry, respectively: The
geometry and internal hydraulic heterogeneity of the gravel aquifer showed a strong influence on the
groundwater discharge, whereas the hydrogeochemical influence of peat layers seemed negligible compared
to the surrounding, thick tufa sediments.

Consequently, typical sedimentary features show contrasting internal properties to the surrounding
sediments, yet need to be hydraulically connected to be of relevance to the regional hydrogeology and

hydrochemistry.

Which methods allow a targeted mapping of sedimentary features ...
a) relevant to the hydrogeology and water balance of the system?

Surface geoelectric methods are well suited to detect and resolve hydrogeologically relevant features as
zones of higher resistivity, yet full ERT measurements are too labor intense to map a feature’s extent over
large areas. I addressed this question by geoelectric mapping with fixed electrode spacings to trace a
resistivity anomaly away from an initial ERT profile. The lateral extent of the anomaly and a site-specific
electrode spacing for a subsequent mapping campaign are interpreted from the pseudosection of anomaly
effects and the range of anomaly effects per pseudodepth, respectively. The anomaly effect-driven
geoelectric mapping hence allows a targeted delineation of individual geoelectrically contrasting features
with little fieldwork and great spatial coverage. In the Ammer valley, the geoelectric mapping campaign
revealed the meandering course of a gravel filled paleo-channel over more than 1 km in the time required to
set up and break down the initial ERT profile. Nevertheless, the delineation and mapping of a resistivity
anomaly neither replaces a careful inversion of the initial ERT data, nor more detailed in-situ measurements

to validate the interpreted internal properties of the sedimentary feature. Instead, it allows to efficiently
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delineate the spatial extent of a geoelectric anomaly across the entire valley fill or between ERT profiles to

plan subsequent, targeted investigations of sedimentary and hydraulic properties.

b) relevant to the biogeochemistry and solute turnover of the system?

Biogeochemical hotspots are commonly associated with a high content of organic carbon in the sediments,
which usually appears black in the sediment. I addressed this question via direct-push color logging to map
dark sediments over large areas. Dark colorfacies are resolved at depth-independent, centimeter-scale
resolution and correlate well with high ranges in total organic carbon (TOC) from lab measurements of
targeted samples. In addition, the rapid application of direct-push soundings allows a densely spaced
mapping of dark layers over large areas without false depth allocation due to compaction or core loss.
In the Ammer valley, color logging revealed a meter-thick peat layer with high TOC content as a potential
biogeochemical hotspot over almost 20,000 m?. While color logging identifies potential biogeochemical
hotspots based on their sediment color, their relevance to the regional system, however, remains dependent
on the hydraulic properties of the sediment. Solute turnover processes are only facilitated, if the solutes are

exposed to the favorable biogeochemical conditions by transport along or through the corresponding layers.

How can such features be characterized efficiently over large areas?

Sedimentary features are efficiently characterized by a combination of complementary subsurface
investigation techniques at different scales. On the example of the Ammer valley, I have presented a regional
investigation of the overall (hydro-)geology, followed by a spatial delineation and targeted characterization
of potentially relevant sedimentological features. In this approach, each step identifies suitable and
representative locations for subsequent more detailed investigations: Surface geophysical measurements
efficiently map an individual feature’s spatial extent over large areas. Subsequent soundings, installations,
and sampling at representative locations determine its geometry and properties in relevant subareas. The
individual methods are chosen based on the targeted subsurface properties and the relevant scale of
investigation.

In the Ammer valley example, the paleo-channel geometry and its influence on the water balance were
determined by geoelectric measurements, targeted gamma and HPT logs, and subsequent pumping tests.
The extent of the peat layer and its influence on the hydrochemistry of the tufa aquifer was evaluated based
on gamma, HPT, and color logs with subsequent lab analyses of select sediment samples.

Nevertheless, the geometry and properties of the individual feature, as well as the suitable combination of
methods are very site-specific. Therefore, the applicability and availability of individual techniques, as well
as the relationship between measured and targeted subsurface properties need to be revaluated even at similar
sites. In the end, each sedimentary feature is best characterized by its individual site- and target-specific

combination of geophysical and hydrogeological methods.
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8. FUTURE STUDIES

This thesis has highlighted the relevance of sedimentary features to the regional hydrogeology of fine-
grained valley fills and paved the way for additional method development and improvement as well as

further field studies.

The evaluation of anomaly effects indicates a suitable electrode spacing for targeted mapping in large, flat
areas and has been tested on Wenner-o and Schlumberger configurations. It could be extended to Dipole-
Dipole and other commonly used electrode configurations in synthetic studies and subsequent field
applications. Also, topography effects in the raw ERT data could be accounted for by an apparent
configuration factor, hence optimal mapping configurations could be determined even at hilly sites. In
addition, [Meju, 2005] reported site-specific relationships between electrode spacings and coil spacings for
electromagnetic mapping. Future studies could develop similar, site-specific transfer functions to identify a
suitable coil spacing for electromagnetic mapping (even by drone-based systems) via anomaly effects in

initial ERT data.

I highly encourage future subsurface imaging via direct-push color logging. Analyses and clustering of
spectral reflectance as well as relationships between color and soil parameters are well-established for the
shallow soil zone. Such relationships should be refined and updated to resolve vertical changes in
sedimentary properties and geochemical conditions at greater depths and in the saturated zone. Color logging
with a spectral vis-IR (visible to infrared light) probe could build upon the classification of colorfacies and
even target facies of indicative spectral reflectance signals related to mineral composition, redox-state, or
solutes. Alternatively, incorporating optical sensors in geotechnical (CPT) or hydraulic (HPT) probes could

allow a more comprehensive subsurface interpretation at individual logging locations.

The Ammer valley proved to be a representative fine-grained valley fill with several sedimentary features.
The gravel channel strongly influences the regional hydrogeology and hence requires additional fieldwork
to map its thickness along the entire valley and determine the relevance of the hydraulically connected zone
of weathered bedrock. As indicated by the gray boxes in Figure 1, the hydrogeological characterization of
the Ammer valley needs to be expanded to all possible features, such as the hillslope hollows, clay windows,
and the interfingering hillslope fans. This way, the individual features can be incorporated in regional
estimates of groundwater discharge as well as simulations on the fate of contaminants on the regional scale.
Ranges of properties and overall relationships can be identified by similar studies at comparable sites and
could be compared to results at coarse-grained valley fills, headwater catchments, or fine-grained valley fills
in different climates. Finally, a manuscript on the paleo-environmental reconstruction and interpreted
depositional history of the Ammer valley is currently in preparation and will emphasize the interdisciplinary

adaptability of complementary geophysical methods.
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Introduction

We explain the principles of data clustering based on Gaussian mixture models (Text S1)
in Figure S1 and present our approach to determine the most suited number of clusters
presenting information criteria (Figure S2) and a comparison of clustering results (Figure
S3) in Text S2.

Supporting the results of the publication, we visualize the cluster probability distribution
from the Gaussian mixture cluster analysis on all color logs in Figure S4 and provide the
mean position and covariance matrices of each cluster in Table S1. The optimal parameters
for the parametric functions used to describe the relationship between total organic
carbon (TOC) and sediment color (Figure 4a and b) are summarized in Table S3.
Additionally, we list the TOC distribution per colorfacies (Figure 4c) in Table S2.
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Text S1. Principle of Gaussian Mixture Modeling

A Gaussian mixture model approximates the density of data points by the superposition
of several multi-Gaussian distributions, each with its own mean and full covariance matrix.
Each multi-Gaussian distribution represents a cluster. The probability w; for a point of
belonging to a specific cluster i is given by the probability density p; of the specific multi-
Gaussian distribution, divided by the sum of probability densities of all multi-Gaussian

distributions at the point:
bi

Ncluster ., "
257 p;

(1)

w; =

The parameters of the multi-Gaussian distributions (3 for the mean and 6 for the
covariance matrix of each cluster) are estimated by the expectation-maximization method,
in which the probabilities of the data points belonging to the different clusters and the
mean and covariance matrices of the associated multi-Gaussian distributions are
alternatingly updated [Dempster et al., 1977]. In comparison to classical k-means
clustering, Gaussian mixture models allow identifying clusters of points with different
compactness and orientation in the parameter space. Also, the association of a point to a
specific cluster is given as a probability, thus yielding an objective criterion for soft
clustering.

We visualize the principles of Gaussian mixture modeling on a two-dimensional example
and cluster the color data described by lightness and chroma into three facies (Figure S1).
Each of the data points is assigned a membership probability for each cluster based on
the probability density function of each of the three multi-Gaussian distributions (Figure
S1b). Figure S1a shows a hard cluster assignment based on the highest probable
membership with uniquely shaped cluster boundaries (“the winner takes it all”). Figure 1d
and Figure 3b in contrast visualize the uncertainty of cluster assignment by plotting all
membership probabilities w; for each data point. A higher-dimensional clustering is

performed similarly, yet the results of a 2-D case are visualized more comprehensibly.
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Figure S1. lllustration of clustering by Gaussian mixture modeling using the lightness and
chroma values rather than the full L*a*b* color space. A: Data points of all profiles and
cluster association according to Gaussian mixture modeling. B: logio probability density
functions of the three clusters.

Text S2. Alternative Number of Clusters

The optimal number of clusters may be numerically determined by the application of
information criteria. For this, we performed the cluster analysis 1000 times with one to
eight clusters and plotted the relative quality of each of the resulting models based on the
Akaike information criterion (AIC) and the Bayesian information criterion (BIC) scoring
(Figure S2). This pure Bayesian analysis indicates an optimum of four clusters in most runs,
as the relative quality gain decreases for higher numbers of clusters. Yet, even eight
clusters would be numerically justifiable. In our color logging application, however, we
want to resemble the true lithological conditions and define color facies with differentiable
ranges of total organic carbon (TOC). We compare the results of the cluster analysis for

different numbers of clusters in Figure S3.
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Figure S2. Information criteria AIC and BIC for different number of clusters in 1000 runs.
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Figure S3. a: Original in-situ color logs; b-i: Cluster analysis of color profiles in CIE L*a*b*
color space using a Gaussian mixture model with different number of components and
ranges of TOC content for each color facies derived from lab color measurements of the
sediment samples.

Obviously, a higher number of clusters resembles the vertical color variability of the
original color logs more accurately. However, we aim to reduce the number of clusters to

the reasonable amount of facies yielding differentiable ranges of TOC. Instead of choosing
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the number of clusters based on pure numerical scoring by information criteria, we site-
specifically chose the number of color clusters based on the best agreement with the
available lithological information. As a result, we identified three facies that can be related
to the clay, peat, and autochthonous carbonate facies reported for the Ammer valley

[Martin et al., 2020].
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Figure S4. Membership probability for each colorfacies from the Gaussian mixture model
cluster analysis for all in-situ color measurements. Probabilities of P=1 indicate a unique
cluster membership, while probabilities 0<P<1 acknowledge the clustering uncertainty.
Each measurement is assigned to one cluster based on the highest membership

probability for Figure 2b.
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M Positi

Cluster T ean a:su fon b+ Covariance Matrix
58.07 —-5.55 1.28

Brown 50.74 4.29 16.79 —5.55 3.06 1.75
1.28 1.75 10.79

16.11 1.51 3.60

Gray 52.27 0.49 476 1.51 3.68 3.77
3.60 3.77 10.79

2.17 3.38 3.89

Dark 28.14 4.08 2.91 3.38 826 4.95

3.89 495 9.62

Table S1. Gaussian distribution components for each cluster of the Gaussian mixture
model cluster analysis on all in-situ color measurements (visualized in Figure 2c-e).

Sediment TOC content [%]

Facies mean median | standard deviation

Gray Lithofacigs 2.2 14 3.0
Colorfacies 2.6 14 3.7

Brown Lithofacies 7.1 6.2 5.2
Colorfacies 10.2 6.3 11.1

Dark Lithofacies 35.5 344 9.2
Colorfacies 35.0 38.7 10.7

Table S2. Statistical parameters for the TOC content of all samples affiliated with the
individual litho- and colorfacies (visualized in Figure 4c).
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Table S3. Best-fit parameters, RMSE, and correlation matrices for the relationships of
TOC and spectrophotometer color measurements visualized in Figure 4a and b. * split
RMSE determined for non-gray and gray data together.
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Kurzfassung

Sedimentire Strukturen konnen die FlieB- und Stofftransportpfade in feinkdrnigen
Talfiillungen stark beeinflussen. Diese Strukturen miissen gezielt auf ihre Ausdehnung und
Eigenschaften untersucht werden, um Verweilzeiten, FlieBpfade und das Abbaupotential
eingetragener Schadstoffe zu bestimmen. In der quartiren Talfiillung der Ammeraue bei
Tiibingen wurden beispielhaft Torflagen und eine Kiesrinne untersucht, um ihre Einfliisse auf
die regionale Hydrogeologie und Hydrochemie zu bewerten. Dafiir wurden geophysikalische
und hydrogeologische Erkundungsmethoden ausgewihlt und kombiniert. Mit geoelektrischen
Oberflachenmessungen konnte die Ausdehnung der betrachteten Strukturen erkundet werden.
Unterschiedliche Direct-Push-Sondierungen, darunter eine in-situ Bestimmung der
Sedimentfarbe, und bohrlochgeophysikalische Messungen erfassten ihre Geometrie und
interne Heterogenitét. Die hydraulischen und biogeochemischen Eigenschaften der Sedimente
und des Grundwassers wurden anschlieBend durch gezielte Probenahmen und hydraulische
Tests an reprdsentativen Ansatzpunkten bestimmt. Die dargestellte Methodenkombination zur
Abgrenzung relevanter Teilgebiete mit anschlieBender hochauflosender Untersuchung ldsst

sich auch auf die Untersuchung groBflachiger Téler iibertragen.

Abstract

Sedimentary features can significantly influence flow and transport pathways in fine-
grained valley fills. The spatial extent and properties of these features should be analyzed in
order to determine residence times, flow pathways and the reaction potential for contaminants.
In the Ammer floodplain close to Tiibingen, we exemplarily examined peat layers and a gravel
channel in order to determine their influences on the regional hydrogeology and
hydrochemistry. Towards this end, we selected and combined geophysical and hydrogeological
investigation techniques. Surface geoelectrical measurements revealed the spatial extent of

relevant features, subsequent borehole geophysical and direct-push surveys, among others the
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in-situ detection of the sediment color, assessed their geometry and internal heterogeneity. At
representative points, the hydraulic and biogeochemical properties of the sediments and the
groundwater could be determined by targeted sampling and hydraulic tests. The general
methodology of delineating relevant sub-units followed by high-resolution profiling may also

be applied to investigate larger-scale valley fills.

Keywords

geophysics; site characterization; floodplain; direct-push; sedimentary features;
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Einleitung

Sedimentdre Talfiillungen verbinden die Hinge eines Einzugsgebietes mit dem
talbildenden FlieBgewisser. Sie {iiben typischerweise hydrologische und geochemische
Filterfunktionen aus, indem sie Niederschlagsereignisse und Eintrdge von Schad- und
Spurenstoffen didmpfen (Burt et al. 1999; Weng et al. 2003; Haycock and Burt 1993). Die
Schadstoffeintrdge stammen in diesen Landschaften meist von Altlastenstandorten oder
landwirtschaftlichen Nutzflachen und bilden punkt-, bzw. flichenhafte Belastungen (Burri et
al. 2019). Erreichen die Schadstoffe den Grundwasserkorper, werden sie im
Talgrundwasserleiter entlang der bestehenden Transportpfade abtransportiert und gefidhrden
die Grundwasserqualitdt und die Oberflichengewisser. Die Transportpfade werden dabei sehr
stark von der Geologie der Talflillung beeinflusst und sollten zur Abschdtzung des
Gefdhrdungspotenzials moglichst umfassend erkundet werden. In der Praxis werden
sedimentdre Talflillungen jedoch meist nur in den Télern grofer Fliisse untersucht, in denen
gut  durchldssige  Grundwasserleiter =~ mit  grobklastischen =~ Sedimenten  zur
Trinkwassergewinnung genutzt werden (z.B. Wiederhold et al. 2008). Im siiddeutschen
Keuperbergland und vergleichbaren Regionen Mitteleuropas iiberwiegen hingegen die Téler
kleinerer bis mittlerer Fliisse mit einer oft feinkornigen Talfiillung auf relativ
geringdurchldssigem Festgestein. Die Hénge und Auen dieser Landschaften sind héufig
landwirtschaftlich geprigt und weisen vereinzelt gro3ere Industriestandorte auf. Sie sind daher
einem moglichen Schadstoffeintrag ausgesetzt.

Die feinkornigen Talfiillungen werden oftmals als quartére Deckschichten kartiert und
grofflachig als Grundwassergeringleiter eingestuft (LGRB 2008). Die Sedimente in diesen
Talern bestehen jedoch zumeist aus einer komplexeren Abfolge von Alluvial- und
Hangschuttablagerungen, die seit dem letzten Hochglazial unter stark unterschiedlichen

Bedingungen abgelagert wurden (Gibbard and Lewin 2002): In Flussldufen wurden
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grobkornige Sedimente aus dem oberstromigen Einzugsgebiet ab- und umgelagert; in der
Flussaue und in stehenden oder langsam flieBenden Gewissern lagerten sich hauptsichlich
feinkornige Sedimente — oftmals mit einem hohen Anteil an organischem Material — ab; an den
Talhdngen fiihrten gravitative Prozesse wie Hangrutschungen und Solifluktion zur
Umlagerung der am Talhang anstehenden Gesteine sowie erhohtem Sedimenteintrag in die
Talfiillung. FEine laterale Migration dieser Ablagerungsrdume, sowie die starken
Klimaénderungen im Holozdn und menschliche Eingriffe fiihrten zudem zu stetig wechselnden
Ablagerungsbedingungen mit groen Unterschieden in der Sedimentfracht, dem Niederschlag
und der Vegetation (Gibbard and Lewin 2002; Hagedorn and Rother 1992). In den
Talfiillungen sind daher lokal wechselnde Untergrundstrukturen aufgrund rdumlich
(horizontal) und zeitlich (vertikal in der sedimentiren Abfolge) begrenzter
Ablagerungsbedingungen zu erwarten. Diese abgrenzbaren Strukturen koénnen durch
unterschiedliche hydrogeologische Eigenschaften die Grundwasserstromung und den
Stofftransport im Untergrund mafBigeblich beeinflussen (Martin et al. 2020). Ein bevorzugter
und beschleunigter Abfluss kann beispielsweise die erwarteten Verweilzeiten im
Talgrundwasserleiter drastisch verringern und die eingetragenen Schadstoffe weiter als
angenommen transportieren. In diesem Fall fiihrt die Annahme einer homogenen Talfiillung
zur Fehlinterpretation der regionalen Hydrogeologie und zu einer unerkannten Gefahr fiir die
Oberflichengewdsser im Abstrom. Zusétzlich zur regionalen Hydrogeologie miissen daher
auch dominante Untergrundstrukturen auf ihre rdumliche Ausdehnung sowie ihre
hydrogeologischen und biogeochemischen Eigenschaften untersucht werden.

In der Praxis beruhen die hydrogeologischen Untersuchungen eines Standorts meist auf
Bohrungen, Sondierungen, hydraulischen Tests und Probenahmen. Die Ergebnisse werden
anschlieBend zwischen verschiedenen Ansatzpunkten interpoliert und erlauben so eine

Interpretation des geologischen Aufbaus, der Grundwasserstromung und der Hydrochemie.
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Die abgrenzbaren Untergrundstrukturen sind jedoch in ihrer horizontalen Ausdehnung meist
sehr viel kleiner als die gesamte Talflillung (vgl. Abbildung 1c). Im Rahmen der
Standorterkundung sollte daher zunédchst die Lage und Ausdehnung dieser potenziell
relevanten Strukturen bestimmt werden, damit die Bohrungen und weiteren Untersuchungen
an repréasentativen Ansatzpunkten durchgefiihrt werden konnen. Bislang betonen jedoch nur
wenige Studien diese gezielte Ausdifferenzierung von abgrenzbaren Strukturen und deren
anschlieBende gezielte Untersuchung (z.B. Vienken et al. 2014; Dorr et al. 2017; Wiederhold
et al. 2008). Fiir die Abgrenzung relevanter Teilbereiche der Talfiillung eignen sich besonders
oberflichengeophysikalische Methoden (Parsekian et al. 2015; Wiederhold et al. 2008). Die
gangigen Methoden messen dabei die elektrische Leitfdhigkeit (Geoelektrik und
Elektromagnetik) (Robinson et al. 2008; Binley and Kemna 2005) beziehungsweise die
seismische oder elektromagnetische Wellengeschwindigkeit (Seismik oder Bodenradar) (Paz
et al. 2017; Rabbel 2006) des Untergrunds. Dabei erfasst keine geophysikalische Methode
direkt die gesuchten hydrogeologischen oder geochemischen Eigenschaften; letztere lassen
sich jedoch in vielen Fillen aus empirischen, oft standortspezifischen Beziehungen ableiten
(Steelman and Endres 2011; Topp et al. 1980; Slater 2007). So kénnen zum Beispiel Bereiche
unterschiedlicher elektrischer Leitfdhigkeit (geoelektrische Fazies) Hinweise auf Unterschiede
im Tongehalt (z.B. Schulmeister et al. 2003) und in der Salinitdt des Porenwassers (z.B. Herd
and Schafrik 2017; Rahman et al. 2021) geben. In feinkérnigen Lockersedimenten ist jedoch
die Eindringtiefe geophysikalischer Oberflichenmessungen stark limitiert und die rdumliche
Auflosung der identifizierten geophysikalischen Eigenschaftsverteilungen nimmt mit der Tiefe
stark ab (Van Nostrand 1953; Spies 1989; Ismail et al. 2012). Nur selten lassen sich daher die
hydrogeologisch relevanten Untergrundstrukturen mithilfe einer einzigen geophysikalischen
Methode zuverléssig abgrenzen und charakterisieren. Die geophysikalischen Untersuchungen

konnen  deshalb  hochauflosende  Vertikalprofile, = hydraulische = Tests  und
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Grundwasserprobenahmen nicht ersetzen. Sie geben jedoch Hinweise fiir geeignete
Ansatzpunkte und ermoglichen eine verbesserte Interpolation zwischen Bohrprofilen.

In dieser Arbeit zeigen wir, wie flir die Beantwortung individueller hydrogeologischer
Fragestellungen unterschiedliche geophysikalische = Methoden, Sondierungen und
Probenahmen kombiniert werden konnen. Fiir die Untersuchungen nutzen wir zunéchst
oberflachengeophysikalische Messungen an einem exemplarisch ausgewéhlten Standort im
Ammertal bei Tiibingen, um unterschiedliche Teilbereiche und Untergrundstrukturen
abzugrenzen. AnschlieBend bestimmen wir deren hydrogeologische und geochemische
Eigenschaften mittels gezielter Kernbohrungen, Sondierungen und Grundwassermessstellen.
Durch diese mehrstufige Erkundung kénnen die Ausdehnung und die Eigenschaften von
Untergrundstrukturen auf verschiedenen Skalen bestimmt werden, um ihren Einfluss auf die

regionale Hydrogeologie und Hydrochemie zu bewerten.

Standortbeschreibung

Fiir die zielorientierte hydrogeologische und hydrogeochemische
Standortuntersuchung betrachten wir eine feinsedimentire Talflillung, wie sie typisch ist fiir
viele Regionen Mitteleuropas (Collins et al. 2006; Hagedorn and Rother 1992; Dabkowski
2020). Das ca. 5 km? groBBe Untersuchungsgebiet liegt im Ostlichen Teil des Einzugsgebiets der
Ammer zwischen Ammerbuch-Pfaffingen und Tiibingen (Abbildung 1a). Im nordwestlichen
Teil streicht der verkarstete Muschelkalk aus. Im restlichen Untersuchungsgebiet bilden die
Erfurt- und Grabfeld-Formation des Keupers sowohl die Sohle der Talfiillung als auch die
Hinge, die besonders siidlich der Aue vergleichsweise flach und ausgedehnt sind. Die jiingeren
Sand- und Tonsteine des Mittelkeupers (Stuttgart- bis Trossingen-Formation) bilden die
Grenzen des Einzugsgebiets entlang der Erhéhungen des nordlichen Schonbuchs sowie der
siidlichen Hohenziige (Pfaffenberg, Kappellenberg, Spitzberg). Im Talzentrum besteht die

flachige, hauptsdchlich landwirtschaftlich genutzte Auendeckschicht aus Auenlehm und
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a) Ubersichtskarte des Auengebiets im Ammertal b) Typische Lithologie
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¢) Kenzeptmodell der Talfiillung mit méglichen Strukturelementen

a) Rinnenstruktur im Festgestein
b) Heterogenitat im Kieskdrper
c) Hangschuttablagerungen
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Abbildung 1: a) Geologische Ubersichtskarte des Untersuchungsgebiets (LGRB 2012) mit den Ansatzpunkten der
Kernbohrungen und geophysikalischen Sondierungen, der Lage der Geoelektrikprofile und der Standorte von Partnerstudien;
b) typische Lithologie und Schichtméchtigkeit im Ammertal sowie c¢) das konzeptioneller Querschnitt der quartdren Talfiillung
mit moéglichen Strukturelementen.

Figure 1: a) Geological map (LGRB 2012) indicating drilling, profiling, and ERT (electrical resistivity tomography) locations
and referenced partner studies; b) Typical lithofacies and their thickness in the Ammer valley floodplain; ¢) Conceptual cross-
section of potential sedimentary features in the sedimentary valley fill.

holozinen Altwasserablagerungen. Die Ammer verlduft im Untersuchungsgebiet entlang des
nordlichen Talrandes mit einem mittleren Abfluss von ca. 1 m?*/s (Schwientek et al. 2013).
Eine erste Standorterkundung mittels Kernbohrungen ergab eine durchschnittlich 14 m
maéachtige quartire Sedimentfiillung mit relativ konstanter Maichtigkeit im Auenzentrum
(Martin et al. 2020). Die Lithologie entspricht einer typischen postglazialen Abfolge in Europa:

auf einer Talsohle aus teilweise verwittertem Festgestein lagern tonreiche Kiese, bedeckt von
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grauen Tonen, michtigen Wiesenkalken sowie dem nach oben abdeckenden, braunen und
schluffigen Auenlehm (Abbildung 1b; Gibbard and Lewin 2002; Lespez et al. 2008; Hagedorn
and Rother 1992). Die Wiesenkalke (unverfestigter Kalktuff) bestehen aus schluffigen bis
feinkiesigen, autochthonen SiiBwasserkarbonaten mit Einlagerungen von sandig-feinkiesigen
Kornern organischen Materials und weisen in einigen Kernbohrungen zudem bis zu
meterméchtige Torflagen auf. Die Kiese am Talrand enthalten lediglich Komponenten der
Sand- und Tonsteine, die an den umliegenden Hohenriicken anstehen (Hangschutt), wihrend
die Kiese im Talzentrum hauptsichlich aus gut gerundetem, fluviatil abgelagertem
Muschelkalkkies bestehen (Martin et al. 2020; Heidgen et al. 2020). Diese tonreichen
Muschelkalkkiese und die Wiesenkalke bilden im Ammertal gespannte Grundwasserleiter.
Abbildung 1c fasst die Ergebnisse der ersten Standortuntersuchung in einem
geologischen Konzeptmodell zusammen. Die vier typischen Lithologien wurden in
Michtigkeit und Zusammensetzung relativ einheitlich angetroffen. Es ist jedoch moglich, dass
die Kernbohrungen abgrenzbare Strukturelemente mit relevantem Einfluss auf die
Hydrogeologie der Talfiillung verfehlt haben. Martin et al. (2020) leiten einige solcher
potenziellen Strukturelemente aus der geologischen Interpretation der sedimentéren Talfiillung
ab und diskutieren deren Einfluss auf die Hydrogeologie und Hydrochemie (Abbildung 1c¢).
Die vorliegende Studie diskutiert die zielorientierte hydrogeophysikalische Erkundung
von zwei Strukturelementen: Zum einen untersuchen wir die flichenhafte Ausbreitung, die
interne Heterogenitdit und den hydrogeologischen Einfluss einer Kiesrinne, die aus
geoelektrischen Messungen interpretiert wurde und mdoglicherweise den Grundwasserabfluss
im Ammertal kontrolliert. Zum anderen bestimmen wir die flichenhafte Ausbreitung von
Torflagen und ihren Gehalt an organischem Kohlenstoff, um die Bereiche des
Grundwasserleiters zu bestimmen, die wesentlich zur Freisetzung von Elektronendonatoren

und zur Denitrifikation beitragen konnen.
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Methoden

Fir eine grofflichige Standortuntersuchung bietet sich eine Kombination aus
flachenhaften oberflichengeophysikalischen Messungen und detaillierten Punktinformationen
aus Sondierungen und Kernbohrungen an (Vienken et al. 2014; Hoffmann et al. 2008; Dorr et
al. 2017; Mele et al. 2010). Die flichenhaften Informationen werden iiblicherweise aus
mehreren Profilmessungen an der Oberfliche mittels Geoelektrik (Koch et al. 2009; Petzold et
al. 2017), Elektromagnetik (Wiederhold et al. 2008; Herd and Schafrik 2017), Seismik
(Hoffmann et al. 2008; Wiederhold et al. 2008) oder Bodenradar (McArthur et al. 2010;
Corradini et al. 2020) gewonnen. Inversionsmethoden erlauben es, aus den gewonnenen
Messdaten eine mogliche rdumliche Verteilung geophysikalischer Eigenschaften im
Untergrund abzuleiten. Diese Verteilung ist jedoch aufgrund des Aquivalenzproblems der
Inversion nur eine von vielen moglichen Losungen (Flathe 1976). Zudem konnen
hydrogeologische Eigenschaften (z.B. Durchléssigkeitsbeiwert, Speicherkoeffizient,
Reaktivitdt) nicht direkt mit solchen Methoden erfasst werden, sondern miissen
standortspezifisch von den geophysikalischen Eigenschaften (z.B. der Wellengeschwindigkeit
oder dem elektrischen Widerstand) abgeleitet werden. Die oberflichengeophysikalischen
Messungen dienen somit hauptsidchlich dazu, verschiedene strukturelle Einheiten mit
kontrastierenden Eigenschaften voneinander abzugrenzen und passende Ansatzpunkte fiir eine
Validierung durch in-situ Messungen oder Kernbohrungen zu bestimmen (Schelenz et al. 2017;
Klingler et al. 2020b; Utom et al. 2019). In der vorliegenden Studie wurden die in-situ
Messungen mit Direct-Push- und bohrlochgeophysikalischen Sonden durchgefiihrt, die im
Vergleich zu Kernbohrungen eine sehr genaue Tiefenzuordnung ermdéglichen, da keine
Kernverluste auftreten konnen (Leven et al. 2011; Dietrich and Leven 2009; McCall et al. 2005;

Fejes et al. 1997).
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Oberflachengeophysikalische Messungen

Fiir die flichenhafte oberflichengeophysikalische Erkundung im Ammertal wurden
zwei geoelektrische Profilmessungen (ERT) sowie geoelektrische und elektromagnetische
Kartierungen angewandt: Die ERT-Profilmessungen in Wenner-o Anordnung (RESECS,
DMT) erfolgten mit einem Elektrodenabstand von 1,5 m (P002) und 2 m (P0O1). Anschlieend
wurden die manuell bereinigten Messwerte mit einer L2-Norm-Optimierung und einem
Glattungsfaktor von A=20 auf einem unstrukturierten Gitter mit homogenem Startmodell
invertiert (Boundless Electrical Resistivity Tomography - BERT, Giinther et al. 2006). Aus den
Anomalieeffekten in den Messdaten von P0O02 wurde der zielorientierte Elektrodenabstand fiir
eine folgende geoelektrische Kartierung bestimmt (Klingler et al. 2020b). Die
elektromagnetische Kartierung (CMD Explorer und CMD Mini Explorer, GF Instruments)
erfolgte auf einem Schlitten entlang landwirtschaftlicher Wege, wobei bei mehrfacher
Befahrung des Auengebiets die Leitfahigkeiten des Untergrunds mit vier verschiedenen

Spulenabstéinden zwischen 0,32 und 4,49 m gemessen wurden.

In-situ geophysikalische Messungen

Fiir die in-situ Untersuchungen wurde eine Kombination aus Bohrlochgeophysik und
Direct-Push-Sondierungen angewandt. Die bohrlochgeophysikalischen Messungen der
natlirlichen Gammastrahlung (von hier an: Gammamessungen) erfolgten mit einer
Bohrlochsonde (Mount Sopris HLP-2375 gamma tool) mit einer vertikalen Auflésung von
5 cm in bestehenden Grundwassermessstellen oder einem temporir installiertem Direct-Push-
Sondiergestinge (AD: 57 mm). Zur Auswertung wurden die Messungen aus drei bis flinf
Messdurchgéngen pro Messstelle gemittelt. Vertikalprofile der in-situ Sedimentfarbe wurden
mithilfe einer Direct-Push SCOST-Sonde (Soil Color Optical Screening Tool, Dakota
Technologies Inc., USA) aufgenommen. Die Sonde misst die reflektierte Sedimentfarbe durch

ein zur Seite gerichtetes Saphirglasfenster mit zentimetergenauer vertikaler Auflosung. Zur
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Datenverarbeitung und -auswertung der Farbmessungen verweisen wir auf Hausmann et al.

(2016) und Klingler et al. (2020a).

In-situ hydrogeologische Messungen

An mehr als 20 Ansatzpunkten im Untersuchungsgebiet wurden je eine
Grundwassermessstelle im Kies- und im Wiesenkalkgrundwasserleiter errichtet, der
Grundwasserspiegel in beiden Grundwasserleitern auenweit gemessen und mithilfe eines
digitalen Hohenmodells mit einer Auflosung von Im % 1m (LGL 2005) in Bezug auf
Normalhdhennull gebracht. Zudem wurde die Transmissivitdt mittels Kurzpumpversuchen und
Slug-Tests bestimmt. Wahrend regelmifBiger Grundwasserbeprobungen erfolgte im Gelédnde
zudem die Bestimmung der elektrischen Leitfdhigkeit und des Redoxpotenzials des
Grundwassers. Sondierungen zur Bestimmung der relativen hydraulischen Durchldssigkeit
(Hydraulic Profiling Tool — HPT, Geoprobe) erlaubten eine qualitative Abgrenzung
hydraulisch besser und schlechter durchldssiger Zonen. Bei dieser Sondierung wird bei
konstantem Vortrieb Wasser mit moglichst konstanter Injektionsrate von 300 ml/min iiber eine
seitliche Sondendffnung in das Sediment verpresst (McCall and Christy 2020). Aus dem
Verhiltnis von Injektionsrate und Verpressdruck ldsst sich ein Vertikalprofil der relativen
hydraulischen Durchlissigkeit des Sediments ermitteln (Dietrich et al. 2008). Die HPT-Sonde
misst zudem die elektrische Leitfahigkeit des Untergrundmaterials durch eine geoelektrische

Vierpunktanordnung an der Sonde.

Kernbohrungen und Labormessungen

Zur Validierung der hydrogeologischen und geophysikalischen Messungen flihrten wir
41 Kernbohrungen im Direct-Push-Verfahren mit einem Sondiergerit (Geoprobe 6610DT) und
einem Sonic-Bohrgerit (SonicSampleDrill, SmallRotoSonic) durch. Die Bohrkerne wurden in
Kunststoff-Linern mit 51 mm Durchmesser entnommen, im Labor eingefroren, aufgesdgt,
fotografiert und lithologisch aufgenommen. An ausgewdihlten Kernen wurden zudem

Korngroenanalysen durchgefiihrt und der Gehalt an organischem Kohlenstoff bestimmt. Die
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KorngroBenanalysen erfolgten nach DIN EN ISO 17892-4:2017-04 im Siebverfahren fiir den
Grobkornanteil und im Sedimentationsverfahren nach Durner et al. (2017) fiir den
Feinkornanteil (<0.063 mm). Die KorngréBenanteile wurden anschlielend zur vereinfachten
Darstellung in vier GroBenklassen zusammengefasst (Kies, Sand, Schluff, Ton). Zur
Bestimmung des Anteils an organischem Kohlenstoff wurden ausgewahlte Proben getrocknet,
durch Mahlen homogenisiert und anschlieBend in drei Temperaturbereichen verbrannt
(SoilTOC cube, Elementar Analysesysteme GmbH). Wir definieren hier den Anteil des
organischen Kohlenstoffs als Summe des Kohlenstoffs, der bei der Erhitzung auf 400°C und

auf 600°C verbrannt wird.

Ergebnisse

Regionale Standorterkundung — Kernbohrungen, Messstellen und
Geoelektrik

Alle Kernbohrungen im Talzentrum wiesen die vier Hauptlithologien mit einheitlichen
Michtigkeiten auf und lieBen daher auf einen horizontalen Verlauf der Schichtgrenzen

schlieBen. Der Kontakt zum Festgestein wurde jedoch nur in wenigen Kernbohrungen erreicht

Hydrogeologie und Hydrochemie
a ) im Wiesenkalkgrundwasserleiter b) im Kiesgrundwasserleiter

Ao | * ( p / j g ¥ . A )"" g

© Grundwassermessstelle Redoxpotenzial [mVge] I 50 ol
0 [m] 100 . ..
o in der auskartierten Rinne Grundwassergleichen [m . NN.] L] [ ]]
o P

Abbildung 2: Grundwassergleichenkarte und Interpolation des Redoxpotenzials a) im Wiesenkalkgrundwasserleiter und b)
im Kiesgrundwasserleiter. Ubersetzt und angepasst nach Martin et al. (2020).

Figure 2: Groundwater head contour map and interpolated redox potential in a) the Wiesenkalk (Tufa) aquifer and b) the
gravel aquifer. Translated and adapted from Martin et al. (2020)
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und meist mit der maximalen Eindringtiefe des Sondiergestinges gleichgesetzt (Martin et al.
2020). Sowohl im Kies- als auch im Wiesenkalkgrundwasserleiter herrscht ein talabwérts
gerichteter hydraulischer Gradient mit Einfliissen vom siidlichen Auenrand (Abbildung 2). Aus
Slug-Tests und Pumpversuchen in den teilverfilterten Grundwassermessstellen konnen die
Wiesenkalke als schwach durchlissig bis durchlissig (Transmissivitit 7= 107 bis 10" m?¥s)
und die durch den unteren grundwasserhemmenden Ton davon getrennten Kiese als
durchlissig bis stark durchlissig (7= 107 bis 10~ m?/s) eingestuft werden (Martin et al. 2020).
In beiden Grundwasserleitern ist sowohl die elektrische Leitfahigkeit (700-1500 puS/cm) als
auch das Redoxpotenzial des Grundwassers stark zoniert (Martin et al. 2020). An den
Auenrindern und an den Talhingen herrschen jeweils eher oxidierende Bedingungen, wiahrend
im Talzentrum — vor allem in den Wiesenkalken groBflichig — reduzierende Bedingungen
dominieren (Abbildung 2). Der hydrochemische Ubergangsbereich ist dabei auf wenige
Zehnermeter beschrinkt. Dies deutet auf einen schnellen Stoffumsatz durch ein hohes
Freisetzungspotenzial von Elektronendonatoren aus der Matrix hin.

Die groB3flichige elektromagnetische Kartierung zeigte fiir keinen der gewdihlten
Spulenabstéinde (0.32 — 4.49 m) eine aussagekriftige laterale oder vertikale Variation der
elektrischen Leitfdhigkeiten im Untergrund. Im oberflichennahen Bereich zeigen die
geoelektrischen Profilmessungen ebenfalls eine relativ einheitliche Verteilung des elektrischen
Widerstands (Abbildung 3a und b). Sie erreichen jedoch durch die Profillinge von mehr als
500 m eine weitaus hohere Eindringtiefe und losen auch den Festgesteinskontakt auf.
Abbildung 3b zeigt das Inversionsergebnis der geoelektrischen Messungen entlang des Profils
P002. Fiinf Kernbohrungen bestdtigten den Festgesteinskontakt in ca. 14 m Tiefe am
Randbereich des Profilschnittes und in 22 m Tiefe in einer zentralen Rinnenstruktur. Das
Inversionsergebnis der westlichen Profilmessung (Abbildung 3a) zeigt ebenfalls eine

Rinnenstruktur mit spezifischen elektrischen Widerstinden im Wertebereich der quartéren
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Auenfiillung aus P002. Unterhalb des Festgesteinskontakts liegen die Werte mit mehr als 100
Qm jedoch weit iiber dem fiir die Grabfeld-Formation in Profil PO02 bestimmten elektrischen
Widerstand. Klingler et al. (2020b) erfassten den Verlauf der Rinnenstruktur zwischen den

ERT-Profilen durch eine groB3flachige geoelektrische Kartierung (Abbildung 3c¢).

Kartierung von Schichtgrenzen — Gamma- und Leitfahigkeitsmessungen
Die Kernbohrung an Ansatzpunkt X072 diente Klingler et al. (2020b) zur Validierung

der kiesgefiillten Rinnenstruktur (Abbildung 3c). Abbildung 4a vergleicht die
Kernbeschreibung und Korngréflenanalyse dieser Validierungsbohrung mit einer ortsgleichen
Leitfahigkeitssondierung mittels HPT-Sonde und einer Gammamessung. Die elektrische

Leitfahigkeit ist im Kieskorper — wie aus der geoelektrischen Tomographie zu erwarten —

a) Inversionsergebnis: ERT-Profil PO01

0 100 200 Profilldnge [m] 400 500
E 0 e g Quartdre Talfiillung ¥
220 o
g >
F 40
spezifischer Widerstand [Qm]
538 128 250
b) Inversionsergebnis: ERT-Profil PO02
0 100 200  Profillange [m] 400 500
- 0 | X072 \
E
@ 20
E 20 Festgestein
spezifischer Widerstand [(m]
| .
14.2 28.8 43.4

c) Geoelektrische Kartierung

i Radweg
e Bohrkern

scheinbarer spez. | |
Widerstand [Qm] ; I ] &
m 21.1-25.7 :

= 25.7 - 30.3
= 30.3 - 34.8
= 34.8 -394

Abbildung 3: Inversion der geoelektrischen tomographischen Untersuchungen entlang a) Profil 001 und b) Profil P002 in
Abbildung 1a mit einer Rinnenstruktur in ca. 20 m Tiefe. c) Geoelektrische Kartierung zur Verfolgung der Rinnenstruktur
zwischen den Profilen. b) und c) iibersetzt und angepasst nach Klingler et al. (2020b) mit Genehmigung von Elsevier.

Figure 3: Inversion results of ERT measurements along a) profile PO01 and b) profile P002 in Figure 1a. ¢) Results of a
geoelectric mapping campaign to trace the channel structure between the two profiles. b) and ¢) translated and adapted from
Klingler et al. (2020b) with permission from Elsevier.
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geringer als im iiberlagernden Sediment. Der Kontakt zum hangenden Ton und liegenden
Festgestein ist durch einen Anstieg der Leitfdhigkeit erkennbar. Die Wiesenkalke
unterscheiden sich jedoch in der elektrischen Leitfahigkeit nicht eindeutig von den iiber- und
unterlagernden Tonen. Im Vertikalprofil der Gammamessung hingegen lassen sich die
Wiesenkalke und Tonschichten eindeutig voneinander abgrenzen. Auch im Kieskorper liegen
die Gammawerte bis auf eine Zone erhohter Messwerte in 12.5-13.5 m Tiefe in einem relativ
engen Wertebereich. Wir verwendeten daher Gammamessungen in temporér installierten
Sondiergestingen zur Interpretation der Schichtmichtigkeit und internen Heterogenitit der
Auenlithologien. Tabelle 1 prisentiert die typischen Wertebereiche der Gammamessungen an
Ansatzpunkten mit vorliegender Bohrkernbeschreibung. Durch den direkten Vergleich von
auenweit wiederkehrenden Signalmustern mit der jeweils angetroffenen Lithologie konnten
wir den Hauptlithologien (Muschelkalkkies, Hangschuttkies, Ton/Lehm und Wiesenkalk)

einen jeweils typischen Gammawertebereich zuordnen (Dersch 2019).

Tabelle 1: Signalstirken (counts per second [cps]) der einzelnen quartiren Lithofazies in den Messungen der natiirlichen
Gammastrahlung (Gammamessungen).
Table 1: Signal strength of gamma logs (in counts per second [cps]) for the quaternary lithofacies.

natirliche Gammastrahlung [cps]

0 10 20 30 40
Wiesenkalk
tonarmer Muschelkalkkies
tonreicher Muschelkalkkies
kolluvialer Hangschuttkies
Auenlehm und unterer Ton

Bei Gammamessungen entlang der auskartierten Rinnenstruktur bestitigen bereits die
maximalen Eindringtiefen des Sondiergestinges einen ca. 6 m tieferen Festgesteinskontakt
(Abbildung 4b). Die Wiesenkalke und Tone sind auch hier mit einheitlicher Machtigkeit und
eindeutigen Wertebereichen voneinander abgrenzbar. Im Kieskorper zeigen sich Zonen
hoherer und niedrigerer gamma-Aktivitét, die als tonreiche bzw. tonarme Kiese interpretiert

wurden. Diese Zonen sind nur vereinzelt zwischen den Vertikalprofilen korrelierbar.
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Die Gammasignatur des Wiesenkalks kartierten wir im Rahmen einer weiteren
Feldkampagne iiber die gesamte Aue (Abbildung 1, rote Kreuze), um die Méchtigkeit des
Wiesenkalks im gesamten Auengebiet zu erfassen (Abbildung 5a) und Profilschnitte zu
konstruieren (Abbildung 5b). Hierbei zeigt sich eine relativ einheitliche Méchtigkeit im
Talzentrum und ein Ausstreichen zum Auenrand hin. Das Ausstreichen der Wiesenkalke
stimmt zudem mit der hydrogeochemischen Ubergangszone der Redoxbedingungen iiberein

(Abbildung 2a).

Gezielte in-situ Sondierungen und Kernbohrungen

Die tonreicheren und tondrmeren Zonen in der Kiesrinne deuten auf eine heterogene
Verteilung der hydraulischen Eigenschaften entlang der Kiesrinne hin. Zur Bestitigung dieser
Annahme zeigt Abbildung 4c einen Vergleich von sechs HPT-Sondierungen in der Kiesrinne
in einem Abstand von 20 m entlang des Profils P002. Der Kieskorper kann aus den ortsgleichen
elektrischen Leitfahigkeitsprofilen klar abgegrenzt werden. Die relative hydraulische
Durchléssigkeit liegt im Kies hoher als im Wiesenkalk, zeigt jedoch in beiden
Grundwasserleitern eine starke vertikale Variabilitdt. Im Kieskorper lassen sich besonders in
den Sondierungen in nordlichen Bereichen meterméchtige Zonen guter und weniger guter
relativer Durchlédssigkeiten klar voneinander abgrenzen. Diese Zonen sind jedoch zwischen
den einzelnen Profilen nicht miteinander in Verbindung zu bringen. Ein durchgingiger
bevorzugter FlieBpfad mit hohem Durchldssigkeitsbeiwert ist daher im Kiesgrundwasserleiter

nicht zu erwarten.

Tabelle 2: Hydrogeologische und hydrogeochemische Messungen in den Grundwassermessstellen entlang der auskartierten
Rinnenstruktur von West (X001) nach Ost (X012).
Table 2: Hydrogeological and hydrogeochemical measurements in monitoring wells within the channel feature from West

(X001) to East (X012).

Ko0T— X003 talabwarts  —grmr——smy, | Durchschnittim

Muschelkalkkies
Transmissivitat [x 10 m%s] 0.43 1.7 33 7.8 4.3 1.9
Leitfahigkeit [uS/cm] 1190 1185 1170 1260 1130 1190
Redoxpotenzial [mVsHe] -18 8 120 95 -25 -49
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a) Vertikalprofile an X072 b) Tallangsprofil der Gammamessungen in der Kiesrinne
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Abbildung 4: a) Methodenvergleich von Vertikalprofilen mit Kernbeschreibung, Korngréenanalyse und Gammamessung
am Validierungspunkt X072 und HPT- und Leitfédhigkeitssondierung (LF) ca. 1 m entfernt; b) das Tallédngsprofil der
Gammamessungen zeigt die lithologischen Variationen im Kieskorper sowie den klar abgrenzbaren Wiesenkalk; ¢) das
Talquerprofil der Leitfahigkeits- und HPT-Sondierung 16st die Schichtgrenzen des Kieskorpers und die interne hydraulische
Heterogenitét auf; d) Die Ansatzpunkte liegen gezielt in der auskartierten Rinnenstruktur.

Figure 4: a) Comparison of core description, grain size analysis and gamma log at location X072 and an HPT-profile with
EC-log (LF) at 1 m distance; b) The along-valley profile of gamma logs indicates the spatial lithological variability in the
gravel aquifer and the pronounced Tufa signature; ¢) The cross-valley profile of HPT- and EC-logs indicates the gravel
thickness and internal variability in relative hydraulic conductivity; d) Overview map with targeted measurement locations
within the channel structure.

Um die hydrogeologischen und hydrochemischen Bedingungen in der Kiesrinne
genauer zu untersuchen, installierten wir entlang des Gammaprofils aus Abbildung 4b iiber die
gesamte Kiesmichtigkeit verfilterte Grundwassermessstellen (Ausbaudurchmesser DNS50).
Tabelle 2 gibt eine Ubersicht iiber die Transmissivitit (aus Pumpversuchen und Slug-Tests)
des Kiesgrundwasserleiters sowie die elektrische Leitfahigkeit und das Redoxpotenzial des
zugehorigen Grundwassers (aus Feldmessungen). Die elektrische Leitfdhigkeit ist bei allen

Messstellen in der Kiesrinne vergleichbar mit den durchschnittlichen Messwerten im
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Muschelkalkkies. Im Gegensatz dazu variiert die Transmissivitdt entlang der Transekte {iber
zwei GroBenordnungen. Entlang der Transekte herrschten zudem weniger stark reduzierende
Bedingungen als im Rest des Kiesgrundwasserleiters (gelb markierte Messstellen in Abbildung
2b). Der hydraulische Gradient im Kiesgrundwasserleiter andert sich unter Beriicksichtigung
der neuen Messstellen jedoch kaum (gestrichelte Isolinien in Abbildung 2b).

Die Geoelektrik- und Gammamessungen geben zwar Aufschluss iiber die Ausbreitung
und Michtigkeit der Wiesenkalke, jedoch nicht {iber ihre interne Heterogenitdt. Um diese zu
bestimmen und um die Torflagen hochaufgeldst auszukartieren, nutzten wir Direct-Push-
Sedimentfarbmessungen im Auenrandbereich (Klingler et al. 2020a). Abbildung 5c zeigt einen
exemplarischen Nord-Siid-Profilschnitt am siidostlichen Auenrand. Eine durchgingige,
meterméchtige Torflinse mit einem hohen Anteil an organischem Kohlenstoff von bis zu 50%
TOC konnte identifiziert werden. Der umgebende Wiesenkalk zeigt mit ca. 10 % TOC einen
geringeren Anteil an organischem Kohlenstoff. Die potenzielle Reaktivitit innerhalb der

Torflinse ist jedoch nur relevant, wenn sie von einem signifikanten Grundwasserstrom

a) Machtigkeit der Wiesenkalke b) Wiesenkalk Profilschnitt

. Ansatzpunkt Kernbohrung /g Méchtigkeit[m] g

Gammamessung HE
a Stiltzpunkt aus Topographie Gammamessung =——
— Profilschnitt in b) HPT-Sondierung ==

Abbildung 5: Mehrstufige Untersuchung der Ausbreitung und Heterogenitét des Wiesenkalks. a) Flachige Kartierung der
Michtigkeit iiber die gesamte Talaue aus gezielten Gammamessungen (rot) in temporiren oder bestehenden Messstellen;

b) Profilschnitt mit tatsdchlicher Schichtméchtigkeit; c) detaillierte Untersuchung von Torflagen am Auenrand. Zonen hoher
relativen Durchléssigkeit aus HPT-Sondierungen (blau) liegen nicht in der gleichen Tiefe wie die aus Direct-Push-
Sedimentfarbmessungen auskartierten Torflagen.

Figure 5: Multi-scale characterization of the extent and heterogeneity of the Tufa sediments. a) The Tufa thickness map
from gamma logs (red) over the entire floodplain allows for b) cross sections and c¢) detailed investigations at the floodplain
margin. Zones of high relative hydraulic conductivity from HPT profiling (blue) do not correspond with peat zones in the
color logs.
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durchflossen wird. Daher fiihrten wir neun weitere Direct-Push HPT-Sondierungen im Bereich
der kartierten Torflinse durch, um die vertikale Verteilung der relativen hydraulischen
Durchléssigkeit zu bestimmen. Die HPT-Profile in Abbildung 5c zeigen, vergleichbar mit den
Sondierungen in Abbildung 4c, eine hohere relative Durchlédssigkeit im obersten Bereich der

Wiesenkalke in 2 — 3 m Tiefe, jedoch nicht im Bereich der Torflinse.

Diskussion

Das Ammertal bei Tiibingen ist ein typisches Auengebiet mit feinsedimentérer
Talfiillung. Die Lockersedimente kdnnen regional in vier Schichten mit zwei isolierten
Grundwasserleitern unterteilt werden, sind lokal jedoch weitaus komplexer. Wéhrend der
erweiterten Standorterkundung konnten wir Hinweise auf alle in Abbildung 1c angedeuteten
Strukturen finden (Martin et al. 2020). Die verschiedenen Strukturen unterscheiden sich vom
umgebenden Sediment in unterschiedlichen geophysikalischen, hydraulischen und
biogeochemischen Eigenschaften. Folglich eignet sich keine einzelne geophysikalische
Methode dazu, die gesamte Komplexitit der Sedimentverteilung zu erfassen. Stattdessen
verwendeten wir eine Kombination unterschiedlicher Methoden, um die Ausdehnung und
interne Beschaffenheit der beiden exemplarisch untersuchten Strukturen, nidmlich der
Kiesrinne und der Torflagen, in der Talfiillung zu bestimmen. Die in dieser Studie angewandten
Methoden sowie die Erkenntnisse, die aus den jeweiligen Messungen im Ammertal abgeleitet
wurden, sind in Tabelle 3 zusammengefasst. Dabei war es erforderlich, die individuelle
Kombination der Methoden auf die standortspezifischen Bedingungen, die genaue
Fragestellung und die erwarteten Eigenschaften der jeweils untersuchten Struktur
abzustimmen.

Die ersten Kernbohrungen und oberfldchengeophysikalischen Messungen dienten der
flichenhaften Kartierung und Identifizierung der Sedimentstrukturen. Die geoelektrischen

Messungen erfassten die Rinnenstruktur, und die Kernbohrungen bestétigten die erwarteten
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Torflagen mit hohem Anteil organischen Kohlenstoffs. Aufgrund dessen untersuchten wir
anschlieBend zum einen die Durchldssigkeitsverteilung des Kieskorpers, um den
Grundwasserdurchfluss im Kiesgrundwasserleiter zu bestimmen. Zum anderen ermittelten wir
die Ausdehnung und den TOC-Gehalt der Torflagen und des Wiesenkalks, um die relevanten
Zonen fiir Stoffumwandlungsprozesse im oberen Grundwasserleiter zu identifizieren.
Offensichtlich erfassten die gezielten Vertikalprofile die jeweils relevanten Eigenschaften zur
Interpretation der Schichtgrenzen (Leitfdhigkeits- und Gammamessung), der relativen
hydraulischen Durchléssigkeit (HPT-Sondierung) und des TOC-Gehalts
(Sedimentfarbmessungen). Die Messungen in tempordren Bohrlochern und die Direct-Push-
Sondierungen erlaubten dabei sowohl eine groBflichige Erkundung (auenweite
Schichtmichtigkeit), als auch zielgenaue Sondierungen in den abgegrenzten Teilbereichen
(interne Heterogenitédt). Generell ermoglicht das mittlerweile breite Spektrum an
bohrlochgeophysikalischen ~Methoden und Direct-Push-Sonden die  Untersuchung
verschiedener geophysikalischer Eigenschaften mit hoher vertikaler Auflosung (Leven et al.
2011; Dietrich and Leven 2009; Bumberger et al. 2015). Zudem konnen ausgedehnte
Strukturen horizontal nahezu kontinuierlich erfasst werden, indem die Sondierungen mit
Absténden von wenigen Metern durchgefiihrt werden (Hausmann et al. 2018; Rabiger-Vollmer
et al. 2020). Um aus den gemessenen geophysikalischen Eigenschaften Aussagen zur
Grundwasserstromung und Wasserchemie treffen zu konnen, sind jedoch zusétzliche, direktere
Methoden  wie  hydraulische  Tests und  hydrochemische = Probenahmen an
Grundwassermessstellen sowie Kernbohrungen zur Validierung der Struktur erforderlich. Da
diese aufwendigen Kernbohrungen und Messstelleninstallationen nur zielgerichtet in den
relevanten Teilgebieten durchgefiihrt werden miissen, ermdglicht der hier dargestellte,

mehrstufige Ansatz auch die Erkundung grof3flachiger Untersuchungsgebiete.
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Tabelle 3: Angewendete Methoden und daraus abgeleiteter Informationsgewinn im Ammertal.
Table 3: Methods used and information gained in the Ammer valley.

Gemessene Eigenschaft

Methode des Untergrunds

Erkenntnisgewinn im Ammertal

Geoelektrik

Geometrie der Kiesrinne
spezifischer Widerstand Grundgesteinskontakt
Kontinuitat der Auensedimente

Widerstandstomographie entlang
einzelner Profile

Kartierung mit festem scheinbarer spezifischer

Elektrodenabstand Widerstand
Elektromagnetik

Kartierung mit festem Spulenabstand elektrische Leitfahigkeit -
Refraktionsseismik

Flachenhafte Ausdehnung der Rinnenstruktur

. . ) seismische
Tomographie entlang einzelner Profile Wellengeschwindigkeit -

Bohrlochgeophysik

Variabilitdt des Tongehalts im Kieskorper

Gammamessung naturlicher radioaktiver Zerfall Schichtgrenzen der Wiesenkalke

Direct-Push-Sondierung
Leitfahigkeitssondierung elektrische Leitfahigkeit Schichtgrenzen des Kieskorpers

HPT-Sondierung reIat|ve_‘_ hy_draghsche Zonen erhohter hydraulischer Durchlassigkeit
Durchlassigkeit

Ausdehnung der Torflagen
Sedimentfarbsondierung reflektiertes Licht Ausstreichen der Wiesenkalke am Auenrand

Interpretation des TOC-Gehaltes

Kernbohrung
Direct-Push und Sonic Drilling - Lithologische Beschreibung
. . . . . Ablagerungsbedingungen
Sieb- und Sedimentationsanalyse KorngréRenverteilung Abschéitzung von hydraulischen Eigenschaften
Glihverlust Gehalt an organischem Zonen potenziell erhdhter Stoffumsetzung
Kohlenstoff
Grundwassermessung
Wasserstandsmessung hydraulisches Potenzial Hydraulischer _Graghent (horizontal & vertikal)
Grundwasserflierichtung
Slug-Test und Pumpversuch Transmissivitat Hydraullsc_h bevorzugte Re_g|onen
Interpretation der Wasserbilanz
Temperatur Auenweite Hydrochemie
pH-Wert ; L
Grundwasserprobenahme h ey Grundwasserzufluss in der Kiesrinne
elektrische Leitfahigkeit
Redoxpotenzial

Tonarme Rinnenstruktur im Kiesgrundwasserleiter

Unsere Untersuchungen ergaben eine tonarme Zone in einer Rinne des
Kiesgrundwasserleiters, die sich an der Basis in das Festgestein eingeschnitten hat. Solche
Strukturen konnen bevorzugte GrundwasserflieBwege darstellen und die Grundwasserbilanz
malgeblich beeinflussen. Die nihere hydrogeologische Untersuchung zielte deshalb darauf ab,
die Ausdehnung der Rinnenstruktur zu erfassen und die querschnittsintegrierte Durchlissigkeit
des Kiesgrundwasserleiters zu ermitteln.

Die geoelektrischen Profilmessungen mit anschlieBender Kartierung erfassten die
Ausdehnung der zentralen Rinnenstruktur {iber die gesamte Aue (Klingler et al. 2020b).

Alternative oberflichengeophysikalische Methoden sind durch die standortspezifischen
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Bedingungen limitiert: Die lithologische Ahnlichkeit der Kiesmatrix und des unteren Tons lisst
keinen Kontrast in seismischer Wellengeschwindigkeit erwarten und die 2 m maéchtige
Auenlehm-Deckschicht ldsst keine nennenswerte Eindringtiefe fiir Bodenradarmessungen
erwarten (Knodel et al. 2005). Auch in den geoelektrischen Tomogrammen sind die
Schichtkontakte aufgrund der geringeren Auflosung in der Tiefe fehlerbehaftet bzw. nicht
auflosbar. Durch den hohen elektrischen Widerstand der Erfurt-Formation kann zwar der
Kontakt zum Festgestein entlang des westlichen Profils gut erkannt werden, er muss jedoch
entlang von P002 aus den Validierungsbohrungen interpoliert werden. Auch der Kieskorper
wird lediglich in der Rinnenstruktur aufgelost, da seine Méchtigkeit im restlichen Auengebiet
zu gering ist. Es wire zwar moglich, die Inversion mithilfe weiterer a-priori-Daten zu
optimieren (Wunderlich et al. 2018; Hoffmann and Dietrich 2004; Hellman et al. 2017), aber
diese zeit- und kostenintensive Arbeit wiirde lediglich die geoelektrischen Informationen
entlang des ERT-Profils verbessern.

Um die auenweite Geometrie der Rinnenstruktur und ihre hydraulischen Eigenschaften
zu bestimmen, eignen sich eher die zielgenauen Vertikalprofile im geoelektrisch auskartierten
Rinnenverlauf. Um die sedimentgeologische Heterogenitit des Kieskdrpers zu erkunden,
eignet sich die Abgrenzung tonreicher und tonarmer Zonen durch die Gammamessungen mit
einer anschlieenden groben Abschitzung der hydraulischen Durchléssigkeit. Fiir eine direkte
Messung der relativen hydraulischen Durchldssigkeit und ihrer rdumlichen Variabilitét eignen
sich hingegen die HPT-Sondierungen entlang einer Transekte. Die aus den Gammamessungen
und HPT-Sondierungen abgeleiteten Zonen hoherer relativer Durchldssigkeit lassen sich im
Ammertal jedoch nicht miteinander in Verbindung bringen und bilden daher vermutlich keinen
durchgédngigen FlieBpfad. Die absoluten hydrogeologischen Kennwerte des Kieskorpers

konnen jedoch nur durch hydraulische Tests ermittelt werden.
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Wir untersuchten den Kieskorper, um den Einfluss der Rinnenstruktur und der
lithologischen Heterogenitit auf die Wasserbilanz zu bestimmen. Fiir diese Wasserbilanz ist
sowohl die Durchléssigkeit als auch die Méchtigkeit der tonarmen Rinnenstruktur wichtig.
Abbildung 6 zeigt eine Abschitzung des Grundwasserstroms durch den Kieskorper fiir
Szenarien mit und ohne Kiesrinne (Flache A3) orthogonal zum konzeptionellen Querschnitt
entlang des Profils P002 (Abbildung 6a). Die Geometrie der Rinnenstruktur (schwarz
gestrichelt) reprisentiert die interpretierte Kiesrinne im geoelektrischen Tomogramm
(Abbildung 3b). Die Durchflussmenge Q; durch eine einzelne Querschnittsfliche A; des
Kieskorpers wird unter Annahme eines konstanten hydraulischen Gradienten i und dem

querschnittspezifischen  Durchléssigkeitsbeiwert K; berechnet (Abbildung 6b). Der

Gesamtdurchfluss Qgesqme €rgibt sich aus Addition der einzelnen Beitrége:

Qgesamt = Qa, + Qa, + Qu, =i X Z?:l(Kj X Aj) (D).

Aufgrund der ermittelten Verteilung der tonarmen Zonen und der relativen hydraulischen
Durchléssigkeiten stellt Szenario 3 mit tonarmen, stark durchldssigen Kiesen in der
Rinnenstruktur und tonreichen Kiesen in den oberen Metern des Kiesgrundwasserleiters den
wahrscheinlichsten Fall dar. Eine Wasserbilanz ohne Beriicksichtigung der Rinnenstruktur und

mit durchschnittlicher hydraulischer Durchldssigkeit (Szenario 1, basierend auf ersten
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Kernbohrungen und Pumpversuchen im Auengebiet, ohne geoelektrische Erkundung) hétte
daher zu einer Unterschitzung des Grundwasserstroms gefiihrt. Im Gegenteil dazu wird der
Grundwasserdurchfluss stark iiberschitzt, wiirde der Durchlédssigkeitsbeiwert des gesamten
Kieskorpers aus der einzelnen Validierungsbohrung in stark durchldssigem Material (X072)
abgeleitet werden (Szenario 5, bei erfasster Rinnenstruktur und nicht reprdisentativem
Durchldssigkeitsbeiwert einzig aus dem Pumpversuch an X072). Die Geometrie und
Heterogenitét des Kieskorpers sowie die geohydraulischen Eigenschaften miissen daher iiber
das gesamte Tal auskartiert werden, um eine aussagekriftige Wasserbilanz fiir den gesamten
Kiesgrundwasserleiter aufzustellen. Fiir diese Untersuchungen bieten sich weitere HPT-
Transekten mit anschlieBendem Pumpversuch in einer tempordren Messstelle an, um den
Durchfluss durch mehrere Kontrollflichen zu vergleichen. Aus den riumlichen Anderungen
des Grundwasserdurchflusses lassen sich anschlieBend mogliche Zu- und Abfliisse durch die

Grenzflachen des Kiesgrundwasserleiters ableiten.

a) Konzeptmodell des Kiesgrundwasserleiters

Szenarien:
4m Ata Az Atp 1 2 3 4 5
\“ ," mit Rinnenstruktur (A:) | Nein Ja Ja Ja Ja
7im Ko =4.8710° " As 4 Durchldssigkeitin A, [ Ky Kg Ka Ko | Ko
Kinax = 277107 ™, | Durchldssigkeitin A, | Kz | Ko | Ko | Koox | Koo
Il —85m Durchldssigkeitin A; | Kg Ko | Knax | Kiax | Knax
L T 1
930 m
b) Grundwasserdurchfluss der einzelnen Szenarien ¢) Mengenverhaltnis des C,, im Wiesenkalk (Wk)
_ 3.4
2 200 (\
£ ) 2
b Vergleich kg(Corg) e
2 100 13 zuSzenario3 E kglwk)
= 1 - @/ Q] 2
= 0.5 06 = ka(C
| 1 | 1 O 1 . o’
1 2 3 4 5

Szenario

Abbildung 6: Einfluss der untersuchten Strukturen auf die Hydrogeologie und Biogeochemie im Ammertal. Die Wasserbilanz
des a) konzeptionellen Kiesgrundwasserleiters ergibt fiir unterschiedliche Geometrien und hydraulische Durchldssigkeiten der
Querschnittsflichen b) starke Abweichungen im Grundwasserstrom durch den Kiesgrundwasserleiter; ¢) Der Wiesenkalk
enthélt aufgrund seiner Miachtigkeit mehr organischen Kohlenstoff (Corg) pro Fldche als die TOC-reichen Torflagen. Der TOC-
Gehalt stellt das jeweilige arithmetische Mittel aus TOC-Messungen an insgesamt 70 Sedimentproben dar.

Figure 6: Influence of the gravel channel and peat layers on the hydrogeology and hydrochemistry of the Ammer valley. a)
Different scenarios of the hydraulic conductivity distribution over the conceptual cross section result in b) different
groundwater discharge estimates; ¢) The Tufa sediments contain more organic carbon over their entire thickness than the TOC-
rich peat layers. The TOC-content represents the individual arithmetic mean of TOC measurements on 70 sediment samples.
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Torflagen im Wiesenkalk

Torflinsen mit hohem Gehalt an organischem Kohlenstoff konnen Elektronendonatoren
freisetzen und damit mikrobielle Reduktionsprozesse wie die heterotrophe Denitrifikation von
Nitrat fordern (Rivett et al. 2008; Bauer et al. 2007; Haycock and Burt 1993). Sie haben jedoch
nur dann einen signifikanten Einfluss auf die groBskalige Stoffbilanz in der Talfiillung, wenn
ein substanzieller Anteil des Grundwasserstroms in Kontakt mit den Torflinsen kommt. Im
Ammertal konnten wir die hydraulischen und biogeochemischen Eigenschaften des oberen
Grundwasserleiters durch die Kombination der Gammamessungen mit den Sedimentfarb- und
HPT-Sondierungen hochaufldsend kartieren.

Der Wiesenkalk dominiert die Lithologie der Talfiillung im Ammertal. Durch die
eindeutige Signatur in den Gammamessungen lésst sich die Méachtigkeit direkt ableiten und das
Ausstreichen am Auenrand hochauflésend kartieren. Die Direct-Push-Sedimentfarbmessung
16st die im Wiesenkalk enthaltenen sedimentiren Strukturen detailreich auf und ermdéglicht es,
biogeochemische Parameter abzuschitzen (Klingler et al. 2020a). Der hohe Anteil an
organischem Kohlenstoff von durchschnittlich 35% TOC bestitigt, dass die untersuchte
Torflinse im Wiesenkalk eine biogeochemisch aktive Zone mit Einfluss auf die
Grundwasserchemie darstellt. Trotz geringerer Konzentration von 10% TOC enthilt der
Wiesenkalk iiber die gesamte Machtigkeit betrachtet jedoch fast doppelt so viel organischen
Kohlenstoff wie die Torflinse (Abbildung 6c). Dieser liegt im gesamten Wiesenkalk als
Feinkornfraktion vor und bietet somit eine weitaus groBere Oberfliche und daraus folgende
Bioverfiigbarkeit. Die HPT-Messungen zeigen zudem eine hohere relative Durchldssigkeit im
Wiesenkalk als in der Torflinse, besonders im oberen Bereich. Die Stromungs- und
Transportwege fiihren daher bevorzugt durch den Wiesenkalk mit fein verteiltem organischen
Kohlenstoff. Die stark reduzierenden Verhéltnisse im oberen Grundwasserleiter sind folglich

nicht unbedingt auf die Passage des Grundwassers durch Torfschichten zuriickzufiihren.
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Zudem dédmpft der Wiesenkalk am Auenrand daher auch in Bereichen ohne Torflagen den

Eintrag geloster Elektronenakzeptoren (Sauerstoff, Nitrat, Sulfat) von den Talhéngen.

Schlussfolgerungen

Die hydrogeologischen Bedingungen in feinsedimentdren Talfiillungen weisen
Heterogenititen auf unterschiedlichen Skalen auf. Die Talfiillung kann regional in
unabhingige Grundwasserleiter unterteilt und die bevorzugten Grundwasserstromungs- und
Stofftransportpfade lokal durch abgrenzbare Strukturen bestimmt sein. Eine effiziente
Standorterkundung auch ausgedehnter Tédler kombiniert daher geophysikalische Methoden zur
flachigen Aufnahme der geologischen Bedingungen mit Sondierungen und Installationen zur
Erkundung relevanter Teilgebiete. Die jeweiligen hydrogeologischen Fragestellungen kdnnen
so an gezielten Ansatzpunkten durch représentative hydraulische Tests und Probenahmen
beantwortet werden. Dabei sollte sowohl die fachliche Fragestellung, als auch der
Betrachtungsmaf3stab die Wahl der geeigneten Methoden und deren Kombination bestimmen.

Im Ammertal eigneten sich jeweils unterschiedliche Methodenkombinationen zur
Erkundung der beispielhaft untersuchten Strukturen: Die Rinnenstruktur und ihr Einfluss auf
die Wasserbilanz des Kiesgrundwasserleiters konnten durch geoelektrische Messungen und
zielgerichtete Gammamessungen, HPT-Sondierungen und Pumpversuche erfasst werden. Die
Ausdehnung der Torflagen wund ihr Einfluss auf die Hydrochemie des
Wiesenkalkgrundwasserleiters ergaben sich aus einer Kombination von Gamma-, HPT- und
Sedimentfarbmessungen mit der Laboranalyse von Sedimentproben. Eine anschlieBende
quantitative Abschitzung zeigt, dass die Geometrie und der Durchléssigkeitsbeiwert der
Rinnenstruktur die Wasserbilanz des Kiesgrundwasserleiters stark beeinflusst, der Einfluss der
Torflagen auf die Hydrochemie im Wiesenkalkgrundwasserleiter hingegen eher vernachlassigt
werden kann. Die Ausdehnung und Eigenschaften solcher Strukturen sind jedoch ebenso

standortspezifisch wie ihr Einfluss auf die regionale Hydrogeologie und die geeignete
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Methodenkombination. Daher muss selbst an einem vergleichbaren Standort die
Anwendbarkeit und Verfiligbarkeit der einzelnen Erkundungsmethoden sowie die Beziechung

zwischen gemessenen und gesuchten Eigenschaften im Einzelfall {iberpriift werden.
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Abstract

Floodplains are often conceptualized as homogeneous sediment bodies which connect streams with their respective catchment
and buffer agricultural inputs. This has led to a general bias within the hydrological community towards research on sites where
the floodplain is a clear conduit for groundwater flow. In humid temperate regions of central Europe, floodplains have experi-
enced rapid environmental changes since the last glaciation, yielding significant bedrock weathering and predominantly fine-
grained, highly stratified hillslope and floodplain sediments. Such heterogeneous sedimentary architecture leads to conceptual
ambiguities in the interpretation of the hydrogeological functioning of floodplains, thus raising the question: Do floodplains act as
barriers or conduits to groundwater flow? This study analyzes the Ammer floodplain close to Tiibingen in south-western
Germany as a representative mid-section floodplain in a temperate climate where the regional bedrock-geology is dominated
by mudstones. Geological, geophysical, and geochemical characterization and monitoring techniques were combined to shed
light on the internal geological structure as a key control modulating the floodplain hydrology. Two partially separate ground-
water systems were identified: a gravel body at the bottom of the Quaternary sediments and a Holocene confined tufaceous
aquifer, separated by low-permeability clays. Despite flow being predominantly along-valley, sulfate concentrations in the
floodplain aquifers showed evidence of a strong connection to the gypsum-bearing hillslope, particularly where tributary valley
sediments are present (e.g., alluvial fans). Results from a floodplain water balance suggest the hillslope- and floodplain-aquifer
material act as a barrier to hillslope groundwater recharge, where a large fraction may be bypassing the local floodplain
groundwater system.

Keywords Groundwater flow - Conceptual models - Floodplain - Sedimentary architecture - Biogeochemical turnover

Introduction combination with subsurface residence times that yield favor-

able redox conditions for biogeochemical turnover of nutri-

Floodplains connect rivers with their catchments via ground-
water pathways. The hydrological functioning of floodplains
exerts a strong control on the timing and magnitude of stream-
flow generation (Jencso and McGlynn 2011), flood wave
propagation (Pinder and Sauer 1971), and stream-ecosystem
behavior (Jacobs and Gilliam 1985). In addition, floodplain
sediments often exhibit a high electron donating capacity in
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ents and degradation of oxidized contaminants, so that they
provide a critical environmental filter function in agricultural
landscapes, affected by surplus nitrate inputs (Burt et al. 1999;
Hill 2019; Vidon et al. 2019).

In humid temperate regions of central Europe, floodplains
have experienced rapid environmental changes since the last
glaciation, through the Holocene warming, until the present
time. Floodplain sediments reflect the changes of climate and
land-use in their strata of fine-grained and coarser material,
originating from the surrounding hillslopes, being deposited
by the river, or being precipitated in-situ as autochthonous
sediments. Characteristically, floodplain-aquifer materials
are highly heterogeneous in their hydraulic and biogeochem-
ical properties. This geological complexity leads to conceptual
ambiguities in the interpretation of the hydrological function-
ing of floodplains, which also results in high uncertainty
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regarding their relevance as modulators of catchment-scale
biogeochemical turnover.

Within the hydrology community, previous work has made
significant progress to improve understanding of the hydro-
logical processes within floodplains, with a specific focus on
headwater and lowland settings. In such settings, perturba-
tions induced by climatic forcings activate various flowpaths,
and competing conceptual models have been put forward to
explain the numerous observed hydrological responses (Hill
1990; Buttle 1994; Kirchner 2003; Jung et al. 2004; Brantley
et al. 2017).

Figure 1 illustrates conceptual models of a floodplain with
detail of the varying degrees of hydrogeological functioning.
Typically, rivers and their adjoining floodplains are consid-
ered integrators of groundwater flow paths (left side of Fig. 1),
implicitly treating the catchment as a closed hydrological sys-
tem (Fan 2019). Furthermore, topographic indices are often
used to subdivide catchments into different hydrological re-
sponse units, which may be conceptualized as bucket-type
elements without any internal heterogeneity (Devia and
Ganasri 2015). Unfortunately, in many geological settings,
the spatially variable, but nonrandom, sedimentary architec-
ture can complicate the hydrological functioning (right side of
Fig. 1). One possible complication lies in interbasin ground-
water flow, hampering the formulation of the water balance of
a catchment (Fan 2019). A second complication could be that
preferential flow paths or low-permeability layers may discon-
nect surface and subsurface flowpaths, leading to decoupled
catchments (Brunner et al. 2009). Such structure-induced
complications could not only significantly impact the hydro-
logical functioning of a floodplain, but also associated solute-
turnover processes.

Over the last 30 years, research on the riparian zone has
been focused on linking the prevailing floodplain hydrological

Fig. 1 Conceptual model of
floodplains. Front face: simplified
conceptual floodplain function
with topography-driven flow
through a medium of organic-rich
floodplain sediments. Side face:
hydrogeological model where
groundwater flowpaths are con-
trolled by the subsurface archi-
tecture of sediments

Classical Conceptual Model of

conditions to the biogeochemical cycling of nutrients (Hill
1990, 2019; Burt et al. 1999; Clément et al. 2003; Burt and
Pinay 2005; Pfeiffer et al. 2006; Tesoriero and Puckett 2011;
Yabusaki et al. 2017; Vidon et al. 2019). In temperate flood-
plains, the high content of organics, along with significant
sediment stratification, results in a high degree of heterogene-
ity with respect to biogeochemical properties (right of Fig. 1).
Regions of enhanced reactivity characteristically occur at in-
terfaces of subsurface depositional features (Hill et al. 2004;
Kolbe et al. 2019; Kim et al. 2019) or of different landscape
elements such as the hillslope-floodplain (Clément et al. 2003)
and near-stream interfaces (Vidon et al. 2010). However, with
respect to catchment-scale solute processing, the relevance of
a reactive subsurface region depends on the strength of
groundwater flow passing through it, which, in turn, is con-
trolled by the hydraulic properties and boundary conditions of
the subsurface.

In studies on floodplain and catchment hydrology, the rel-
evance of the geological structure is considered in variable
degrees of detail (Devito et al. 2000; Duval and Hill 2006;
Schilling and Jacobson 2012; Karan et al. 2013; Hale and
McDonnell 2016; Hale et al. 2016; Pfister et al. 2017; O
Dochartaigh et al. 2019), with a general bias towards research
on sites with a shallow soil cover above impermeable bedrock
or highly transmissive floodplain sediments in hydraulic con-
tact with the draining water body (Hill 2019).

The climatic and geological settings, both bedrock and sur-
ficial, are known to control the morphology of a catchment, as
well as the regional-, intermediate- and local-scale groundwa-
ter flow (Devito et al. 2005; Duval and Waddington 2018).
Net groundwater gains and losses of a catchment can lead to
large errors in water and solute budgets if catchment bound-
aries are derived from topography alone (Larkin and Sharp
1992; Devito et al. 2005; Bloomfield et al. 2011; Fan 2019).

Oxidized Reduced
Groundwater Flowpaths
A: along-valley groundwater flow in floodplain aquifers

m B: shallow infiltration flowpath through upper alluvium
: C: upward flowpath through discontinuities in confining unit
m D: deep groundwater flow in more oxidized gravel channel

. Hydrogeologic Conceptual Model

Floodplain Functioning =
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Additionally, within river midsections where the potential of
bedrock weathering is high, it is common to find wide, thick
and highly stratified floodplains, with fine-grained (often
Holocene) sediments prevailing over highly permeable (often
Pleistocene) sands and gravels (Haycock et al. 1997; Gibbard
and Lewin 2002).

The complex interaction between local floodplain
groundwater flow systems and the larger intermediate
or regional groundwater flow, along with the high degree
of subsurface heterogeneity, highlights an existing
knowledge gap in floodplain hydrology, pertaining to
temperate settings. The key question is whether flood-
plains act as barriers or conduits to groundwater flow.
In essence, three competing scenarios are considered:
(1) The local groundwater systems within the floodplain
connect the catchment to the river; (2) groundwater col-
lects the net precipitation in the catchment, but the ma-
jority of groundwater bypasses the floodplain via an
intermediate- or regional-scale groundwater flow system;
or (3) other drainage systems, such as surface tributaries
and channels at floodplain boundaries collect the major-
ity of net precipitation in the catchment, and the ground-
water flow path through the floodplain is only of minor
relevance. To complicate matters in river mid-sections,
not all groundwater flow in a floodplain needs to origi-
nate from the surrounding hillslopes; substantial contri-
butions may originate from losing river sections or
deeper groundwater flow paths.

In this context, it is postulated that the geometry and inter-
nal geological structure within a floodplain, and its surround-
ing landscape, act as major controls on determining the hydro-
logical functioning of a temperate floodplain and thus its rel-
evance to solute processing within the catchment.
Specifically, the presence of a continuous and highly trans-
missive alluvial aquifer, and the associated uncertainty in the
hydraulic parameters, will have serious implication for how
the floodplain functions. Therefore, there exists a need for
continuous, arduous characterization and quantification of
floodplain aquifer hydrogeology and the effects of physical
transport on (bio)geochemical turnover.

This study analyzes the Ammer floodplain close to
Tiibingen in south-western Germany as a typical representa-
tive for a mid-section floodplain in a temperate setting where
the regional bedrock-geology is dominated by mudstones. In a
two-stage hydrogeological field study, geological, geophysi-
cal, and geochemical characterization and monitoring tech-
niques were combined to shed light on the internal geological
structure as a key control modulating the floodplain hydrolo-
gy. Using the Ammer catchment as a temperate analog, a
regional-scale site characterization was combined with a series
of refined field campaigns to identify and monitor the main
hydrogeological units and develop a conceptual
hydrogeological model.

Materials and methods
Study area

The study area is located within the Ammer catchment in
southwest Germany, covering approximately 238 km?
(Fig. 2). The Ammer River runs from its headwaters near
Herrenberg over a 22-km distance and 110-m elevation
change towards its outlet east of Tiibingen, confluencing with
the Neckar River, a tributary to the Rhine River. Its discharge
(annual average ~1 m’/s) is mainly fed by karstic limestone
springs and a waste-water treatment plant, which also has a
strong control on the river-water chemistry (Schwientek et al.
2013). The Ammer catchment has a warm and temperate cli-
mate with precipitation occurring throughout the year. During
the winter months the rainfall is relatively persistent, whereas
summer precipitation is characterized by more episodic
events, which approximately account for 70% of the mean
annual rainfall of 750 mm. Agricultural land dominates the
surface cover of the Ammer catchment, with approximately
70% of the land cover, whereas the hilltops are mostly covered
by forest. The regional geology of the Ammer catchment is
typical for central Europe (Burt et al. 2002; Grathwohl et al.
2013). The Ammer catchment is located within the Southwest
German Escarpment where the main bedrock strata are tilted =
3° towards the southeast (Geyer and Gwinner 2011). The
catchment is characterized by a hilly topography with
hillslopes and escarpments up to 150 m above the river. The
Triassic bedrock consists of the Middle Triassic Muschelkalk
outcropping in the western part of the catchment and Upper
Triassic Keuper units covering the eastern part of the catch-
ment and the hills. The study site is located in the eastern part
where the confining lower Keuper strata of the Erfurt forma-
tion separate the aquifers in the Quaternary floodplain sedi-
ments and the aquifer in the weathered bedrock of the
Grabfeld formations from the underlying karstic
Muschelkalk aquifer.

The Ammer floodplain under investigation sits down-
stream of a fault line where the Ammer River leaves the com-
petent Middle Triassic Muschelkalk limestone (northwest of
Pfaffingen, Fig. 2) and enters an up to 1,500-m-wide valley
cut into the mudstones and dolostones of the lower and middle
Upper Triassic Keuper strata. The very flat central part of the
floodplain is bounded by steep hills on the north and gently
sloping hillslopes on the south leading to a flat saddle in the
southwestern part (Wurmlingen Saddle, Fig. 2) and a forested
hill in the southeastern part. The surface coverage of this
~5 km?® segment of the Ammer catchment is dominated by
agricultural land use and urban structures. Within this subsec-
tion of the Ammer catchment, the bedrock changes from west
to east. While the dolostones of the Erfurt formation are pres-
ent in the westernmost part until Pfaffingen, the main flood-
plain sits on top of the Grabfeld formation, a weathered and
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Fig. 2 Location of the field investigation site and regional geologic map

partially karstified gypsum-rich mudstone (Fig. 2). The steep
hills consist of the upper four formations of the Middle
Keuper with a sequence of more competent sandstones and
less competent mudstones and rise up to 140 m above the
central floodplain. Several fan-shaped erosional valleys form
a rolling-hill topography along the southern hillslope.

Within the study area, the Ammer River is a third-order
stream, running eastwards towards Tiibingen, where this mod-
ern river stretch was channelized first downstream of
Unterjesingen in the fourteenth and fifteenth century, and then
again in the twentieth century in the direct vicinity of the town
for milling purposes (Frauendiener 1963; Fig. 2). Smaller,
ephemeral streams in the floodplain are fed by springs and
discharge through man-made drainage channels such as the
main Miihlbach channel. Additionally, tile drains are present
in some agricultural plots, even though their locations and
status are highly uncertain.

@ Springer

Site characterization

The hydrogeological site characterization of the flood-
plain was performed in two stages of field campaigns.
The first stage aimed at identifying the main (regional)
groundwater flowpaths within the Ammer floodplain
(Fig. 2), and assessing their dynamics with a regional
monitoring well network. This involved collecting drill
cores in a distributed network across a large portion of
the floodplain with an average spacing between cores of
280 m (ranging from 15 m to 800 m to the nearest drill
core). The main geological structure was described and
correlated across the entire study area. Based on the tex-
ture and the extensiveness of the geological strata, they
were subsequently classified as regional aquifers and
aquitards, and instrumented with groundwater monitoring
wells. The regional groundwater flow and hydrochemical
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dynamics were monitored with continuous water-level re-
cordings and within groundwater-sampling campaigns.

The second stage of field investigations focused on de-
scribing how the floodplain collects water and subsequently
transfers it to discharge routes. This necessitated characteriz-
ing the structural boundaries between the floodplain aquifers
and the adjacent subsurface compartments. The new measure-
ment locations specifically targeted the interfaces between the
floodplain aquifer systems and the hillslope, river, and bed-
rock subsurface compartments. The distributed drill-core and
monitoring-well network was extended to the floodplain pe-
rimeter, as well as outside the floodplain setting altogether.
Newly detected geological features were described based on
their texture, and subsequently targeted with groundwater
monitoring wells. Monitoring of the groundwater fluctuations,
along with groundwater sampling, facilitated identifying the
possible origin of groundwater flowpaths within the flood-
plain system.

Geological and geophysical datasets

Sedimentary cores were collected both with a sonic drilling
unit (SmallRotoSonic SRS T, SonicSampDrill) and a direct
push unit (6610 DT, Geoprobe). The depth of the drill cores
was limited either by lack of penetration into competent bed-
rock, or legal regulations from drilling permits. The collected
drill cores (51 mm in diameter) were stored in plastic liners or
metal core boxes. Preparation of the cores involved exposing
fresh surfaces either by hand, or by freezing the core and
subsequently cutting it with a rock saw. The internal structure
was described, photographed and grouped into main litholo-
gies. For selected cores, a grain-size analysis was performed.
As per German Standard DIN 18123-4, sieve analysis was
conducted for the grain sizes greater than 0.063 mm (coarse
fraction), with sedimentation analysis being conducted for the
clay- and silt-sized grains (fine fraction). Samples of 100-
200 g were collected in fixed 50-cm intervals to prevent sam-
pling bias in the vertical profiles of grain-size distribution.

A 550-m long Wenner-« electrical resistivity profile was
acquired with 1.5-m electrode spacing across the floodplain
(RESECS, DMT-Group). The data were subsequently filtered
and inverted with PyBERT to receive a continuous profile of
subsurface resistivity distribution and infer layer continuity
and boundaries for the geological model (Giinther et al.
2006). Based on the inversion result, a spatial geoelectrical
mapping of a higher resistive target feature with fixed elec-
trode spacings was conducted, as described by Klingler et al.
2020. Vertical geophysical logging was also performed, in-
cluding direct-push electrical-conductivity (EC) profiles,
direct-push color logging, and logging of natural gamma ra-
diation in boreholes. The logging results mainly confirmed the
major stratification of Quaternary floodplain sediments
discussed in the following.

Geological modeling

The geological mapping incorporated hard data from
lithofacies picks (both drill core data and vertical gamma pro-
files), along with regional geological datasets, into the implicit
geological modelling software LeapFrog (LeapFrog Works).
The depths of the facies contacts were converted to elevations
for the purposes of correlation. The boundaries of the geolog-
ical model, i.e. contact between floodplain sediments and
subcropping bedrock units, were defined using the most re-
cent 1:50,000 regional geologic map (LGRB 2012). The mod-
el top is taken from topography of the study area by means of a
10-m digital elevation model (LGL 2009). The base of the
geological model is the subcropping bedrock, where minimal
hard data is available, necessitating the use of polylines within
LeapFrog, mimicking typical bedrock valley shapes, to guide
the bedrock surface interpretation. LeapFrog invokes implicit
modelling in which geological contact surfaces are created by
interpolation of observed lithofacies contacts and their orien-
tation. With the ground surface and bedrock topography as the
upper and lower boundary of the model, respectively, volumes
of the geological units are generated between the sedimentary
surfaces, and cross-sections can be generated for any region of
the modelling domain.

Monitoring wells and instrumentation

Monitoring wells were installed by advancing an 83 mm
(3.25") metal casing (with an expandable tip) to the target
depth using a direct push rig, then lowering the assembled
monitoring well string before pulling back the metal casing.
Monitoring-well materials at the site include 51 mm (2") di-
ameter polyvinyl chloride, as well as 25 mm (1”) and 41 mm
(1.5") nominal diameter high-density polyethylene well cas-
ings. Well screens were completed with a poured sand pack,
prepacked sand pack, or by natural formation collapse, which
was always followed by a bentonite top seal prior to
backfilling the annular space. A flush-mount protective casing
was installed at all monitoring wells, with a cement and con-
crete seal to prevent surface-water infiltration. Monitoring
wells were developed using suction pumping and surging
methods to improve hydraulic communication to the sur-
rounding sediments disturbed during the process of well in-
stallation. The top of the well casing and ground surface were
surveyed using a combination of a differential global position-
ing system and a laser level.

Hydrological, hydrogeological, and hydrochemical datasets
Figure 2 shows the locations of a weather station in
Unterjesingen (LTZ 2020) and a gauging station for Ammer

River at Pfaffingen (LUBW 2020). Groundwater level data in
monitoring wells were continuously collected with dedicated
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groundwater data loggers (CTD and MicroDiver,
Schlumberger Water Services) in 15-min intervals; or, when
pressure loggers were not available, measured with a manual
water level tape. The measured absolute pressure values were
corrected using the barometric pressure from a Baro-Diver
approximately 7 km from the site, in Tiibingen. Each
pressure-logger dataset was manually reviewed, corrected
for obvious errors, and converted to absolute groundwater
elevations with the manual water-level readings.
Groundwater flow maps were constructed by spatial interpo-
lation of groundwater elevations for a specific timestamp,
using ordinary kriging with an omnidirectional linear
variogram.

Hydraulic parameters in the vicinity of the monitoring
wells were estimated by well testing, including slug tests,
drawdown-recovery tests, and multi-well pumping tests, each
sampling a different volume of the aquifer. Analysis of the
slug and pumping test consisted of type-curve regression fits
on the measured displacement time-series with the appropriate
analytical solution (HydroSOLVE Inc.): slug tests showing an
overdampened water-level response were analyzed using the
Bouwer and Rice (1976) or Hyder et al. (1994) analytical
solutions, whereas tests with an underdampened (oscillatory)
response required the Butler Jr. (1998) analytical solution to
fit the data. Late-time recovery data from single-well recovery
tests were fit with the Theis Recovery (Theis 1935) method,
and drawdown and recovery data from multi-well pumping
tests were fit with the Theis (1935) analytical solution.

The monitoring wells were periodically sampled through-
out the monitoring period of the study. With a battery-
powered peristaltic pump (Eijkelkamp Soil & Water) all sam-
pled monitoring wells were purged prior to collecting a repre-
sentative groundwater sample. For all groundwater samples,
field-measured parameters were either recorded continuously
with a flow-through cell, instrumented with a multi-parameter
probe (smarTROLL and Aqua TROLL 500, In-Situ), or from
the recovering groundwater level after purging the monitoring
well dry. Field-measured parameters included pH, tempera-
ture, specific electrical conductivity (EC), dissolved oxygen
(DO), and redox potential. Same-day filtered groundwater
samples were analyzed for major ion hydrochemistry with
ion chromatography (DX-120, Dionex), dissolved organic
carbon (HighTOC, Elementar), alkalinity (Titrino Plus,
Metrohm), and nitrogen species (AutoAnalyzer 3 HR, SEAL
Analytical). Due to the instability of ammonium, the nitrogen
species were analyzed on the next morning. Bisulfide was
analyzed separately (Multiskan GO, Thermo Scientific) for a
single sampling event in July 2019, where the samples were
stabilized in the field using a zinc acetate solution and frozen
as soon as possible. Erroneous results from sampling cam-
paigns were flagged during the review of the hydrochemistry
datasets. This process included checking the ion balance and a
comparison to the previous hydrochemical datasets. Statistical
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analysis of the hydrochemical data included reviewing univar-
iate and bivariate distributions, as well as a hierarchical cluster
analysis (HCA) using the Euclidean distance (Ward 1963).
Prior to the cluster analysis, the cleaned hydrochemical
datasets typically required log-transformation, as well as a z-
score normalization. As with the groundwater contour map,
interpretation of spatial hydrochemical patterns involved in-
terpolation using ordinary kriging, selecting a variogram mod-
el to best fit the spatial correlation structure of the
hydrochemical parameter.

Results

Although the site characterization was conducted in two
stages, the results are presented without distinction, sorted
by the type of datasets.

Geological setting

In total, 35 cores were drilled to determine the main lithofacies
in the sequence of Quaternary unconsolidated sediments, their
spatial extent and heterogeneity, and to determine the depth to
bedrock. The central floodplain is underlain by the gypsum-
rich mudstone of the Grabfeld formation (Middle Keuper,
Triassic, Fig. 2), the subsequent floodplain lithostratigraphy,
from bottom to top is: gray clay-rich gravel, gray silty clay,
cream-colored calcareous freshwater tufa with thick peat
layers, and an uppermost grayish brown alluvial loam. The
layer contacts in the drilling cores were consistent throughout
the central floodplain and this sequence of floodplain litholo-
gies is depicted in detail in Fig. 3. Along the hillslopes, the
general depth to bedrock decreased, and a reddish-green clay-
ey gravel was identified on top of the bedrock contact. Since
drilling cores are costly and time demanding, the geological
interpretation was supported with geophysical data from
geoelectrical measurements and downhole natural gamma ra-
diation measurements. Finally, all the data were combined in a
regional geological model of the Ammer floodplain.

Floodplain and hillslope geology

Figure 3 presents the central floodplain lithofacies as a stan-
dard lithostratigraphic profile including grain size and total
organic carbon analysis along with representative photos of
drill cores. The average depth to bedrock is 14 m, which is
retrieved as a reddish-grayish laminated mudstone in a few
cores. Drilling permits and equipment limited the penetration
into bedrock, and thus, when there was no bedrock recovery,
the lithologic contact was assumed at the maximum drilling
depth.

“Gravel” is the lowermost Quaternary lithofacies, which
was recovered typically from 11 to 14 m below ground
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surface, and consists of poorly sorted clasts up to small cobble
size within a gray, clayey-silty matrix (Fig. 3d). The coarse
fraction is dominated by well-rounded limestone clasts, as
well as a few sandstone and mudstone clasts. As the bedrock
at the hillslopes contains no limestones, these clasts must have
originated from the Middle Triassic Muschelkalk limestone
outcrops upstream of Pfiffingen (Fig. 2) and been deposited
by the Ammer River. In general, this clast-supported gravel
shows no orientation or obvious gradation of clasts and no
evidence of vegetation. When encountered, the bottom con-
tact to the bedrock is sharp (Fig. 3g), while the gravel changes
gradually upwards into a gray, loamy clay with few very
coarse gravel clasts.

The overlying “Lower Clay” lithofacies ranged in thick-
ness from 0.5 to 3 m, with an average depth of 9 m below
ground surface. The dense, plastic clay was moist in the cores
and very hard after drying. The top lithological contacts were
partially gradational and partially sharp with indication of
paleo-exposure in few cores.

The “Tufa” lithofacies is the thickest (2-9 m below ground
surface) and most heterogeneous layer in the sedimentary
floodplain sequence, and comprises silt to coarse-gravel sized
calcareous grains (0.06-30 mm), which are referred to here as
Tufa, with high content of organic matter, 5-50% fraction of
total organic carbon (Fig. 3¢), and imbedded peat layers (Fig.
3d). Three subfacies are distinguished based on color, grain
size, and the presence of peat. In general, the upper Tufa
sequence is fine-grained with very white color and
millimeter-sized black organic-carbon specs. The middle sec-
tion of the Tufa sequence often comprises brown coarser-
grained calcareous deposits with grain sizes of 0.2-0.6 cm
with hollow cylindrical nodules and peat inclusions up to
4 cm as well as abundant plant remnants, and planaspiral

and trochospiral gastropodal shells. The Tufa middle section
is characteristically cyclic, with each cycle (tens of centime-
ters) showing gradational changes in color (cream to light
brown to dark brown), typically ending with a 5—10-cm-thick
peat layer sharply contacting the next cycle. The lowermost
section of the Tufa facies was often found to be dominated by
dark brown, medium to coarse calcareous sands in a silty
matrix. Thicker peat layers are predominantly found in the
lower half of the Tufa succession, ranging in thickness from
a few centimeters to a meter, with fully preserved and hori-
zontally oriented leaves and wood fragments.

The top 2 m in the floodplain sequence consist of a very
loamy, gray to brown clay with color transitions from ligh-
ter to darker brown with depth (Fig. 3¢), which are
interpreted here as alluvium. In this “Upper Clay”
lithofacies, no shells or vegetation were observed and the
moisture content was well preserved in the core. In the
vicinity of the recent Ammer River course, the Upper
Clay is thicker (up to 4 m), with evidence of well-
rounded medium-sized gravels.

Along the southern fringes of the floodplain a “Hillslope
Gravel” lithofacies is present, ranging in thickness from 4 to
13 m, and described as reddish-green clayey gravels with
mudstone and sandstone clasts. The oligomictic gravel clasts
were mostly edgy and up to 5 cm in size, indicating a shorter
transport distance for the clasts. This poorly sorted lithofacies
is highly variable between drilling locations but consistently
showed no evidence of limestone clasts, differentiating from
the Gravel floodplain lithofacies. Therefore, the authors inter-
pret these clasts as originating from the bedrock of the
hillslopes. At locations along the fringes of the floodplain,
the hillslopes lithofacies are found in lithological contact with
all central floodplain lithofacies.
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Geoelectrical measurements

The ability to detect geological features and their horizontal
continuity by drill cores is limited by their spacing. To fill this
gap, the previously presented geological datasets were
complemented by geoelectrical surveying. The electrical re-
sistivity tomography (ERT) profile across the floodplain
shown in Fig. 4a confirmed the generally continuous layering
of the floodplain sediments in the upper 10 m. Below, a rela-
tively higher resistive anomaly of approximately 150 m width
in the center of the floodplain indicates lateral changes in the
basal gravel. The dashed white lines in Fig. 4 highlight the
suspected outline of the basal-gravel feature, which requires
ground-truthing by drill cores for validation. Subsequent dril-
ling into the center of the anomaly revealed a clean gravel
section in the lower 5 m above a 20 m deep bedrock contact.
This higher-resistivity feature could be traced over the dis-
tance of about 1 km by depth-targeted geoelectrical mapping
with constant electrode spacing (Klingler et al. 2020).
Figure 4b presents the results of the geoelectrical mapping
with red colors representing higher apparent resistivities in
the target depth. This meandering belt of higher apparent re-
sistivities is interpreted as a paleo-channel structure of cleaner
gravel bounded by lower-resistive mudstones of the bedrock
(in blue in Fig. 4b).

a) Geoelectric Resistivity Inversion Result
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Fig. 4 Results of geoelectrical surveying, adapted from Klingler et al. (2020)
with permission from Elsevier. a Inversion result from an electrical resistivity
tomogram (ERT) profile across the floodplain; b results from electrical resis-
tivity mapping showing a meander of higher resistivity material. Location of
ERT profile is marked in green
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Geological model

Geological modelling facilitated the visualization of the spa-
tial extent, continuity and thicknesses of the floodplain stra-
tigraphy, incorporating all geological and geophysical data,
along with surficial geological maps (LGRB 2012), and a
10-m digital elevation model (LGL 2009). Figure 5a presents
“along” and “cross-valley” cross-sections, exported from the
geological model. Figure 5b shows the profile-lines of the
cross-sections together with the drilling locations used for
the construction of the geological model. Both cross-sections
in Fig. Sa display the extensive horizontal layering of the
central floodplain lithology, with the highest variations in
thickness towards the hillslopes. In the cross-valley direction,
the Tufa and Gravel facies generally thicken towards the mid-
dle of the floodplain, whereas the Lower Clay becomes thin-
ner. The Upper Clay is relatively uniform in thickness; how-
ever, a thickening trend is evident near the Ammer River, as
observed from the drill cores. Moving towards the southern
hillslope, the floodplain lithofacies pinch out as supported by
vertical logs of natural gamma radiation marked in the cross
sections (Fig. 5a). The across-valley cross-section is in line
with a small tributary valley. Here, the lithofacies of the
tributary-valley filling, denoted “Hillslope Aquifer” in the leg-
end of Fig. 5, fingers into the floodplain and seems to be in
contact with all floodplain facies.

Hydrogeology
Floodplain and hillslope hydrostratigraphy

Based on the lithological (primary and secondary textures)
and geometric parameters (extent and continuity), the geolog-
ical features were grouped into hydrostratigraphic units. The
uppermost fine-textured alluvial deposit is considered a re-
gional aquitard (Upper Clay Aquitard; Fig. 5¢). Due to capil-
lary forces, the lower half of the alluvium remains water-
saturated for most of the year, whereas the top meter shows
shrinkage cracks in dry summer/fall periods. The latter may
facilitate temporary preferential flow paths during summer
storm events.

The underlying tufa sediments are highly heterogeneous
and permanently water-saturated. As the horizontal continuity
of individual layers is uncertain, the entire Tufa sequence was
interpreted as a single regional aquifer (“Tufa Aquifer”; Fig.
5¢). Monitoring wells were installed to target the coarse-
grained sections in the upper 2-3 m of the Tufa Aquifer.
Well tests revealed estimates of aquifer transmissivity cover-
ing four orders of magnitude; however, the majority fell with-
in the range of 107 to 10°® m%/s, with a geometric mean on
the order of 1.8 x 10> m%/s (Fig. 5c¢).

The Tufa Aquifer is continuously underlain by the Lower
Clay, which is interpreted as a regional aquitard (Lower Clay
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Fig. 5 Floodplain and Hillslope Stratigraphy. a Along-valley geological
profile (Y-Y') and cross-valley geologic profile (Z-Z'); b overview map
of core locations, where red circles indicate the core locations included in

aquitard; Fig. 5c). It separates the tufa sediments from the
lowermost Gravel lithofacies, which extends across the ma-
jority of the floodplain and is interpreted as a regional aquifer
(“Gravel Aquifer”; Fig. S5c). A second set of monitoring wells
targeting the Gravel Aquifer was installed over its full thick-
ness. Though Gravel Aquifer transmissivity estimates from
well tests span three orders of magnitude, the vast majority
are near 10~* m?%/s, resulting in a geometric mean on the order
of 1.3 x 10~* m%s (Fig. 5¢). These values are quite small for a
gravel body but consistent with the high clay content. In the
clean gravel channel at depth (marked in dark yellow in Fig.
5), determined by geoelectrical monitoring, the aquifer trans-
missivity was substantially higher, = 1.2 x 10 >m?s.

The hillslope lithofacies within the southern tributary val-
leys are extremely heterogeneous, containing clayey material
to gravel-sized clasts. Coarser material, found at the basal
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hydrostratigraphy along with aquifer transmissivity estimates from
single-well recovery tests

interface with the bedrock, are water-saturated and considered
as an aquifer (Hillslope Aquifer; Fig. 5c). Monitoring wells
targeting shallow and deep hillslope water-bearing sediments
were installed and well tests were performed, yielding highly
variable estimates of aquifer transmissivity ranging from 1 x
107 t0 2.5 x 10~* m%s (Fig. 5¢).

Hydraulic heads in the floodplain and Hillslope Aquifers

Figure 6 presents the groundwater contour maps from
July 2019 for the Tufa and Gravel aquifers, constructed from
observations in 31 and 21 monitoring wells, respectively. The
dashed contour lines refer to estimated groundwater levels in
the hillslopes, which were constructed by including the hill-
slope monitoring wells in the kriging estimate of groundwater
levels.
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Groundwater flow in the Tufa Aquifer is mainly oriented
along the valley (along-valley, Fig. 6a). Close to the southern
boundary and within the hillslopes, a significant cross-valley
component exists, suggesting that shallow groundwater from
the southern hillslope enters the Tufa Aquifer, is translated
towards the center of the floodplain, and then subsequently
transferred down-valley. At the northern boundary, a strong
curvature in the groundwater elevation contours is most evi-
dent in the eastern portion of the Tufa Aquifer near the
Himbach Valley (eastern end in Fig. 6a), indicating an influx
of groundwater from this tributary valley. Groundwater flow
within the Gravel Aquifer is predominantly along-valley (Fig.
6b), while similar to the Tufa Aquifer, there is some cross-
valley groundwater flow in the eastern portion of the aquifer,

Fig. 6 Water-table elevation
contour maps. a Tufa and b
Gravel Aquifer. Contour spacing
is 0.5 m, where dashed lines
indicate that the hydraulic head
contours are beyond the aquifer
extent

O Measurement Location
Hillslope Hollow Outline
< " Floodplain Outline
b) Gravel Aquifer
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a) Tufa Aquifer

whereas the influence of the southern boundary appears to be
smaller in the Gravel Aquifer than in the Tufa Aquifer.

As shown in Fig. 2, the southern hillslope extends all along
the Wurmlingen Saddle and is mainly covered by agricultural
land. Water infiltrating along this hillslope most likely con-
tains solutes of agricultural origin that may enter the flood-
plain groundwater, having a bigger impact on flow in the Tufa
than in the Gravel Aquifer, as indicated by the groundwater
contour maps.

The origin of the substantial groundwater discharge, enter-
ing the study area at its western upstream end into both flood-
plain aquifers, is beyond the scope of the current study. This
water may have been recharged by the Ammer River at the
location where the floodplain valley widens, it may be

Groundwater
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contributed by inflows from the karstic Muschelkalk aquifer at
the fault line west of the study area, or it may originate from
the northern tributary valley of the Kdsbach stream. Local
groundwater recharge in the floodplain itself is limited by
the extended coverage by alluvial fines in the entire
floodplain.

Groundwater dynamics

Figure 7 compares weekly averaged data of groundwater lev-
el, precipitation, and river stage to reveal the spatiotemporal
dynamics of the floodplain and hillslope groundwater sys-
tems. Until June 2019, the seasonal dynamics in both ground-
water systems are characterized by four main time periods,
denoted a—d in Fig. 7, whereby periods a and c are character-
ized by declining groundwater levels, while periods b and d
show rising groundwater levels. The periods reflect seasonal
fluctuations in precipitation and evapotranspiration, causing
little groundwater recharge from late spring until fall, and
enhanced groundwater recharge in the winter months. Note
that the winter 2017/2018 was exceptionally wet and the year
2018 extremely dry from late spring until fall. As a conse-
quence, the high-water-table period b ended in March 2018,
whereas the similar period d extended until the end of the
period discussed here (June 2019), which was caused by
strong precipitation events in the late spring of 2019.
Figure 7a illustrates that the shallow and deep monitoring
wells in the hillslope (X016) and floodplain (X019, X015
and X012) aquifers differ in their temporal dynamics, with
the shallow wells responding more quickly to precipitation
events in the wet periods b and d. Among all monitoring wells,

the shallow hillslope wells showed the strongest response to
precipitation events in times of high water tables.

Vertical hydraulic gradients between the Tufa and Gravel
aquifers vary both in space and over the seasons. In the up-
valley floodplain (X019) and the hillslope (X016) locations,
the vertical hydraulic-head differences are generally small,
except in response to precipitation events in the high-level
periods b and d, when water tables in the shallow observation
wells are higher than in the deep wells. In the two down-valley
floodplain locations (X015 and X012), the hydraulic heads are
significantly higher in the deep wells compared to the shallow
ones in the periods a and ¢ of declining groundwater levels,
whereas the differences are much smaller during the wet pe-
riods b and d.

Altogether, Fig. 7 shows that groundwater levels in the
hillslope and the floodplain exhibit essentially the same sea-
sonal trends, whereas fluctuations of the river hydrograph and
the groundwater levels hardly correlate. The hillslope ground-
water levels show the strongest and fastest response to indi-
vidual rainfall events, followed by the Tufa Aquifer, and fi-
nally the Gravel Aquifer, for which responsiveness strongly
depends on the season.

Hydrogeochemistry

The initial regional field study included at least fivefold sam-
pling of each monitoring well, resulting in robust
hydrochemical datasets for all aquifers. Table 1 summarizes
the average physical and hydrochemical parameters of the
Tufa, Gravel, and southern Hillslope aquifers. The ion bal-
ances of all aquifers are dominated by the cations calcium
and magnesium and by the anions bicarbonate and sulfate,
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Fig. 7 Groundwater Dynamics. a Weekly floodplain groundwater
elevation time-series data for selected nested monitoring wells (gray:
shallow; black: deep monitoring well) from upstream towards down-
stream within the section of the floodplain, along with weekly

precipitation and river discharge. The time-series until June 2019 can be
separated into four hydrological time periods (a—d). b Location of mon-
itoring wells (also shown on the overview map in Fig. 5)
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accounting for more than 95% of total dissolved ions. The
average hydrochemical compositions of groundwater in the
two floodplain aquifers are quite similar, with the main differ-
ences that sulfate and nitrate concentrations are higher in the
Gravel Aquifer, and that the Tufa Aquifer shows lower field-
measured redox potential and higher dissolved organic carbon
values. The southern Hillslope Aquifer has an approximately
33% lower ion content in the groundwater than the floodplain
aquifers, with calcium /magnesium ratios similar to the flood-
plain aquifers, but significantly higher bicarbonate/sulfate ra-
tios, due to the lower sulfate concentrations. It was observed
that there was very little seasonal variability in the
hydrochemistry of the regional aquifers (data not shown),
but event-based sampling of the entire monitoring-well net-
work was not performed so it was not possible to report on the
hydrochemical signatures of individual precipitation events.
The subsequent sections discuss in more detail the results
of a comprehensive sampling campaign in July 2019, in
which all monitoring wells, the Ammer River, a tributary
stream within the floodplain (Miihlbach), two springs at
the toe of the southern hillslope (see Fig. 2) and one spring

at the northern hillslope in the Késbach tributary, 3 km from
the Ammer floodplain, were sampled. In the maps of Figs. 8
and 9, hydrochemical data of shallow hillslope monitoring
wells are shown together with data of the Tufa Aquifer,
whereas those of deep hillslope monitoring wells are merged
with Gravel Aquifer data. Hillslope samples of locations
with a single depth are accounted for in the maps of both
aquifers.

Provenance of floodplain and hillslope groundwater

Figure 8a shows scatter plots of sulfate, bicarbonate,
magnesium, calcium concentrations, and groundwater
electrical conductivity (EC). Figure 8b contains a
hydrochemical cluster analysis of all samples, whereas
Fig. 8c,d present maps of EC in the two floodplain
aquifers.

Floodplain and hillslope groundwater samples of the
July 2019 campaign showed positive correlations between
EC and calcium, magnesium and sulfate concentrations,
whereas no clear relationship between EC and bicarbonate

Table 1 Regional groundwater

chemistry. Summary of physical Parameters Units Tufa Gravel Hillslope
and chemical floodplain and nEo nEo pxo
hillslope water quality
parameters. Data presented are Physical pH -] 7.00 £0.18 7.08+0.16 7.14+0.16
mean values (along with standard Temp. [°C] 12.2 +2.60 12.0 +1.50 12.4+2.50
deviation) from all groundwater EC [uSlem]  1210+570 1290 + 530 870 + 120
sampling campaigns conducted
between 2017 and 2020 DO [mg/L] 0.58 =1.09 0.55+0.98 2864227
Eh [mV] 14.1 £53.3 72.3+£92.7 197 £66.7
Chemical Cations Ca** [mg/L] 203 £125 214 +£123 130 +£38.4
[meq/L] 10.1 £6.2 10.7 6.1 6.48 +1.92
Mg>* [mg/L] 49.9+18.2 59.9+16.0 45.0+7.76
[meq/L] 4.10+1.50 493+1.32 3.70 £0.64
Na* [mg/L] 829 £5.08 6.14+4.21 6.46 £2.22
[meq/L] 0.36 +£0.22 0.27 +£0.18 0.28 +£0.10
NH,* [mg/L] 4.50+4.38 4.62+5.02 0.50+0.98
[meq/L] 0.25+0.24 0.26 £0.28 0.028 +£0.054
K* [mg/L] 243+3.73 321+£3.88 1.64 £1.18
[meq/L] 0.062 +0.095 0.082 £0.099 0.042 £0.03
Anions HCO; [mg/L] 636 £121 571 £135 554 +979
[meq/L] 10.4 £2.00 9.35£2.20 9.08 + 1.60
S0 [mg/L] 232 +408 347 +422 5734624
[meq/L] 483 +8.50 7214879 1194130
cr [mg/L] 150 £17.5 165+17.6 10.4+5.9
[meq/L] 0.42 +0.49 0.46 +0.50 029+0.17
NO;~ [mg/L] 1.81£631 533+10.9 12.1+11.1
[meg/L] 0.029 +£0.102 0.086 +0.176 0.19+0.18
F [mg/L] 0.27 £0.07 0.31+£0.09 0.30£0.10
[meq/L] 0.014 £0.004 0.016 +0.005 0.016 +0.005
DOC [mg/L] 541+3.12 2.95+2.00 2.73 £2.06
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Fig. 8 Provenance of floodplain and hillslope groundwater. a Pairwise
scatter plots of major ions and electrical conductivity (EC) for all ground-
water samples (black symbols), grab samples of surface water bodies
(blue circles), and north (red circle) and south (red cross) springs. b
Hierarchical cluster analysis of floodplain and hillslope groundwater

concentrations can be observed (Fig. 8a). EC clusters at
approximately 1,200 puS/cm, and some samples reach up
to 3,000 uS/cm. A near 1:1 relationship between sulfate
and calcium, especially in samples with EC >
1,200 uS/cm, indicates gypsum dissolution (red box, Fig.
8a), which can be explained by the gypsum-bearing mud-
stones of the Grabfeld formation.

Figure 8b presents results of a hierarchical cluster analysis
based on an extended hydrochemical dataset, including more
hydrochemical parameters than shown in the scatter plots of
Fig. 8a. All parameters were z-score normalized prior to the
cluster analysis. Three clusters at a statistical distance of 10
were identified (orange line in Fig. 8b). In the maps of Fig.
8c,d, the sampling locations belonging to different clusters are
visualized by different marker symbols.

Cluster I comprises highly mineralized (predominantly calci-
um and sulfate) groundwater samples (black circles, Fig. 8a) and
the sample from the northern spring fed by the Grabfeld forma-
tion (red circle in Fig. 8a and red bar in Fig. 8b). This cluster
includes samples of both the Tufa and Gravel aquifers in

d) Gravel Aquifer

samples, grab samples of surface-water bodies (cluster II, blue bars),
north (cluster III, red bar) and south (cluster II, red bar) springs. ¢ and d
Spatial interpolation of field-measured groundwater electrical conductiv-
ity for July 2019 in the Tufa and Gravel aquifers, respectively

northern portions of the floodplain, specifically at the
confluencing tributary valleys, where EC is particularly high
(Fig. 8c,d). These samples are strongly influenced by gypsum
dissolution.

Cluster II consists of low mineralized groundwater samples
(black crosses, Fig. 8a) and a sample of the spring at the
southern hillslope (red cross in Fig. 8a and red bar in Fig.
8b). These samples originate from the southern Hillslope
Aquifers or from southern-most monitoring wells in the flood-
plain aquifers, confirming the interpretation of the groundwa-
ter contour maps (Fig. 6) that the floodplain aquifers receive
water from the southern hillslopes. Due to the correlation in
oxidized compounds, this cluster also contains surface water
samples collected from the Ammer River and the Miihlbach
stream (blue circles in Fig. 8a and blue bars in Fig. 8b); how-
ever, these surface-water samples are far more similar to the
central floodplain in major ion chemistry (Fig. 8a). Cluster III
(Fig. 8b) contains the largest number of samples, mainly from
the central floodplain (black triangles, Fig. 8a), and includes
samples of both the Tufa and Gravel aquifers (Fig. 8c,d).
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Redox geochemistry of floodplain groundwater

Figure 9 shows scatterplots of redox-indicating concentrations
versus field-measured redox potentials (Eh) of the sampling
campaign in July 2019 as well as maps of interpolated Eh
values in the Tufa and Gravel aquifers. Like in Fig. 8, the
Eh-map of the Tufa Aquifer in Fig. 9a includes measurements
of shallow observation wells in the Hillslope Aquifer, and the
Eh-map of the Gravel Aquifer in Fig. 9b includes those of
deep observation wells in the Hillslope Aquifer. The marker
symbols in the scatter plots and the maps refer to the
hydrochemical cluster affiliations of the samples discussed
previously.

The scatterplots of Fig. 9a,b confirm that field-
measurements of Eh yield a good qualitative assessment of
redox-sensitive species, in which high Eh values indicate low
concentrations of the reduced species bisulfide and ammoni-
um and high concentrations of electron acceptors nitrate and

@ Springer

dissolved oxygen. Dissolved organic carbon (DOC) showed a
much weaker relationship with Eh. In many scatter plots, the
previously described clustering is quite evident, especially
with groundwater samples from the southern portion of the
floodplain and the Hillslope aquifer (black crosses, Fig. 9a,b).
A quantitative analysis of defined redox pairs (bisulfide/sul-
fate and ammonium/nitrate) by the Nernst equation, however,
yielded calculated redox potentials that were substantially
lower than the field measurements so that the field-measured
Eh values cannot be taken to compute the electron buffering
capacity of the solutions.

In the maps of interpolated Eh values in Fig. 9, blue regions
indicate positive field-measured Eh values and red regions
negative ones. The Eh map of the Tufa Aquifer in Fig. 9a
shows oxidizing conditions in the hillslope samples, with
mean Eh, DO and nitrate concentration of 83 mV, 3.2 mg/L,
and 13 mg/L, respectively. The width of a transition zone with
field-measured Eh values around zero, marked white in the
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map, is small (= 100 m) and uncertain because the underlying
interpolation by kriging is smooth and the network of moni-
toring wells was not optimized to resolve the redox transition
zone. Practically the entire Tufa Aquifer shows strongly re-
ducing conditions. In the center were observed field-measured
Eh-values as low as =102 mV, and ammonium and bisulfide
concentrations as high as 19 and 47 mg/L, respectively. This is
consistent with the Tufa containing large amounts of labile
organic carbon acting as strong electron donor in the matrix.
Two samples north of the Ammer River, and one south (east-
ern edge) show less reducing conditions, which may indicate
an influence of the river.

Figure 9b shows the interpolated Eh map of the Gravel
Aquifer, which differs from that of the Tufa Aquifer.
Groundwater in the middle section of the Gravel Aquifer is
again strongly reduced (average bisulfide concentrations:
15 mg/L, field-measured Eh as low as —83 mV). Hillslope
samples are again oxidized, but also the sample at the western
inflow of the study domain and samples at the downstream
eastern end. Here, the mean values of Eh, DO and nitrate
concentrations were 66 mV, 1.9 mg/L and 18 mg/L, respec-
tively. The sediments in the Gravel Aquifer contain less or-
ganic matter than the Tufa, explaining a longer transition zone
from oxidizing to reducing conditions, even though the true
transition at the western end is not well resolved. The transi-
tion from reduced to oxidized conditions in the direction of
groundwater flow from the west to the east is more difficult to
explain as there cannot be an internal source of dissolved
oxygen. It is believed that the channel of clean gravel under-
neath the clayey gravel, detected by the geoelectrical mapping
campaign, acts as a preferential pathway transferring more
oxidized water underneath the main sediment body with little
or no chemical reduction. This channel has not been met by
most wells in the center of the Gravel Aquifer, except for
X072 (marked with a star in Fig. 9b). Further downstream,
all wells in the Gravel Aquifer are oxidized, carrying the sig-
nature of the water in the clean gravel channel. This implies
that the relative contribution of the groundwater flux through
the reduced parts of the Gravel Aquifer must be small.
Without such a bypassing mechanism, the observed redox
pattern cannot be explained.

Discussion

Representativeness of the floodplain

Hydrogeomorphic setting

The floodplain is carved into the gypsum-bearing Triassic mud-
stone of the Grabfeld formation. This relatively incompetent

bedrock is susceptible to weathering and facilitated the devel-
opment of the wide and thick floodplain sequence observed at

the study site in present day. Up- and downstream of the study
area, the bedrock is much more competent (Muschelkalk lime-
stone and sandstone of the Stuttgart Formation, respectively).
Correspondingly, the floodplain becomes narrower and
shallower. This characteristic landscape of alternating narrow
and wide floodplains, controlled by the changing lithology
along a river course, is quite common in European upland
catchments with clastic bedrock. At the upstream ends of the
wider basins, river water tends to infiltrate, whereas groundwa-
ter discharges back to the river at the downstream ends, trigger-
ing basin-scale riparian exchange (Fig. 10a).

The southern hillslopes extend over a length of up to =
1 km (Wurmlingen Saddle, Fig. 2), whereas the northern
hillslopes are comparably short and steep. Along the
Wurmlingen Saddle, a substantial weathering zone of up to
20 m thickness has been confirmed by drill cores, which is
common in landscapes with hilly topography and bedrocks of
low competence (Rempe and Dietrich 2014). The southern
hillslopes are also characterized by pronounced hillslope hol-
lows, which consist of thick, fine-grained, poorly sorted col-
luvium, produced by solifluction processes typical of the
periglacial environment (Collins et al. 2006).

On the steep northern slopes, the bedrock is less weathered
and correspondingly less permeable. Two large tributary val-
leys confluence the floodplain at the upstream and down-
stream end of the study area. Here the hillslope deposits are
interpreted as alluvial fans and thus expected to contain
coarser-grained sediments in comparison to the southern
slopes. Altogether, hillslope deposits, particularly those in
hillslope hollows or tributary valleys, can collect regional
groundwater recharge along the hillslopes and transfer them
into both floodplain aquifers as these deposits pinch out over
the entire thickness of the floodplain filling.

The location of the groundwater divide on the southern
hillslope is unclear and depends on the exact thickness of
the weathering layer. In principle, the Neckar Valley south
of the Wurmlingen Saddle is topographically lower, which
may shift the groundwater divide into the Ammer Valley,
provided that sufficiently permeable material reaches deep
enough (Kortunov 2018). Such ambiguities are fairly typical
for mudstones in hilly topographies and have a large influence
on the local water balance.

Floodplain depositional setting

The fluvial systems of many European rivers have shown
significant response to the environmental change from the late
Pleistocene to Holocene time periods, which is captured in the
fluvial sediment record (Collins et al. 2006; Lespez et al.
2008). Gibbard and Lewin (2002) present a conceptual geo-
logical model for floodplain stratigraphy common in small- to
medium-sized European rivers: high-energy late Pleistocene
gravels preserved at the base, followed by the deposition of
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fine-grained, organic-rich (and possibly tufaceous) sediments
from the warmer Atlantic period in the Holocene, and finally a
thick anthropogenically impacted alluvium blanketing the
present-day floodplain. The subsequent interpretation, of the
collected geological data, supports this representative flood-
plain stratigraphy (from oldest to youngest):

1. The lowermost floodplain stratigraphic unit consists of
poorly sorted and nonstratified sand and gravel within a
fine-grained silt and clay matrix. A multiple-source gravel
composition (both from upstream and hillslope bedrock
units), along with the high content of fines, suggests var-
iable energy depositional setting: a high-energy braided
river system along-valley with low-energy solifluction
deposits providing abundant fine sediment from the hill-
slope, typical of a late Pleistocene, periglacial environ-
ment in many parts of Europe (Hagedorn and Rother
1992; Houben 2003; Collins et al. 2006; Roe and Preece
2011). The geophysical record suggests a channel of clean
gravel underneath the clayey-gravel deposits, which may
be crucial for the hydrogeological functioning of the
floodplain (see the following).

The lower clay lithofacies forms a relatively thin but con-
tinuous layer throughout the study area; however, it sig-
nificantly thins out towards the middle of the floodplain
(Fig. 4a), suggesting that the clay layer may be locally
discontinuous. The presence of well-rounded sand and
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gravel-sized clasts within the structureless clay (Fig. 3c)
represents variable sediment flux and transport velocities,
interpreted as a migrating, possibly anastomosing, low-
energy channel environment, as observed in many regions
of Europe at the end of the Pleistocene (Gilvear et al.
1997; Collins et al. 2006).

The overlying Tufa lithofacies is thick and highly hetero-
geneous, forming a continuous layer across the study area,
with clear thickening downstream as well as towards the
middle of the floodplain, resulting in a lens-shape in
cross-section (Fig. 4a). This unit comprises interbedded
layers of micritic tufa, larger granular tufa, peat layers
(0.5-1 m) with well-preserved vegetation, and abundant
gastropod shells. These characteristics are typical for a
low-energy anastomosing-channels environment with in-
tense vegetation growth, fall into a paludal depositional
environment model (Pedley 1990), and are very common
throughout Europe (Dramis et al. 1999; 74k et al. 2002:
Collins et al. 2006; Lespez et al. 2008; Pazzaglia et al.
2013; Dabkowski 2020).

Blanketing the entire floodplain, the thick uppermost clay
lithofacies comprises both the modern floodplain alluvi-
um and the soil zone, developed from a long history of
widespread agricultural activity. This agricultural activity
is facilitated by an extensive network of drainage chan-
nels, which transitioned the persistent wetland to the
present-day drained floodplain. These recent alluvial
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deposits are common throughout Europe and are both
naturally derived (overbank flood events) as well as an-
thropogenically impacted (Collins et al. 2006; Brown
et al. 2013, 2018).

While the general depositional sequence of the Ammer
floodplain is fairly common, its local specification determines
the hydrogeological functioning of the floodplain (right side,
Fig. 1). This particularly refers to the extent and connectivity
of highly permeable clean gravels (flowpath D, Fig. 1), their
connection to hillslope deposits (flowpath A, Fig. 1), and the
intactness of the alluvial fines in the vicinity of the river
(flowpath B and C, Fig. 1). If the coarser-grained deposits of
the active river do not cut through the alluvial fines, the river
remains decoupled from the groundwater. Also, clean-gravel
deposits act as the “drainage pipe” of the floodplain, making a
substantial fraction of the water flux bypass the reducing
floodplain sediments.

Water balance of the floodplain
Seasonal groundwater fluxes

As illustrated in Fig. 10b, water balances for the two flood-
plain aquifers under steady-state conditions were set up,
resulting in the following balance equation:

ngcphslp + ngcpupstr = quCPdwnstr (1)

in which Qg cphgp is the groundwater flux entering at the con-
trol plane at the southern hillslope-floodplain boundary,
Qg cpupstr 18 the groundwater flux entering at the western
boundary of the study domain, and O cpawnstr 1S the ground-
water flux leaving at the eastern boundary of the study do-
main. The location of the upstream and downstream bound-
aries makes the groundwater inflows from the northern tribu-
tary subcatchments (Kdsbach and Himbach, see Fig. 2) irrel-
evant to the presented floodplain water balance. Furthermore,
this study did not consider any groundwater recharge within
the floodplain itself because the alluvial fines are hardly
permeable.

The groundwater fluxes across control planes, O, cp; are
evaluated by integrating the specific discharge normal to the
plane over the surface area of the plane:

Qg,CP[ = '[WCP[n . thm dX (2)

in which wcp; is the width of control plane i, n is the unit
normal vector, V4 is the hydraulic gradient estimated from
the kriging interpolation, K is the hydraulic conductivity de-
rived from single-well pumping tests, and m is the thickness of
the aquifer derived from the geological model.

Table 2 lists results of the steady-state water balance, with
long-term averages, peak groundwater flows and solute fluxes
of total nitrogen and sulfur. For determining long-term aver-
ages of groundwater fluxes, monthly groundwater contour
maps were generated for both floodplain aquifers, from
May 2018 until July 2019. Two scenarios were
considered—in scenario 1, the geometric mean of transmis-
sivity estimates in the Tufa and Gravel aquifers, and an arith-
metic mean for the Hillslope Aquifers, were taken as the basis
for the aquifer transmissivity estimates; however, in scenario
2, higher estimates were considered. For the Hillslope
Aquifer, transmissivities twice that of the arithmetic mean
were assigned to aquifer material within the thick hillslope
hollow colluvium. These values are comparable to the highest
yielding hillslope monitoring wells. The transmissivity of the
Tufa Aquifer was also increased by about a factor of four, and
the study explicitly accounted for the channel of clean gravel,
where transmissivity values are determined from two moni-
toring wells that are potentially screened in this channel (1.2
107 m?/s rather than the geometric mean of 1.3 x 10™* m?/s of
the entire Gravel Aquifer).

With an annual groundwater recharge of approximately
200 mm/year, and a recharge area of 2.65 km?, the floodplain
collects less than 1% (~0.12 L/s) of the total hillslope recharge
(16.8 L/s) in scenario 1, and approximately 2—4% in scenario
2. Thus, this groundwater flux is collected within the colluvial
aquifer material in the hillslope hollows and subsequently
partitioned between the floodplain aquifers. Approximately
15 and 85% of the hillslope groundwater goes to the Tufa
and Gravel aquifers, respectively. In both scenarios, it is esti-
mated that the hillslope infiltrate increases the along-valley
groundwater discharge within the Tufa and Gravel aquifers
by approximately 100-150%, from CP,ps to CPgyngrr- In sce-
nario 1, groundwater discharge in the Gravel Aquifer is about
three to four times larger than that in the Tufa Aquifer, where-
as this increases to a factor of six in scenario 2 when account-
ing for the gravel channel.

Under these conceptual assumptions, the water balance
calculations suggest that the recharge area contributing to
the local floodplain groundwater system is very small in com-
parison to the entire southern hillslope between CP g, to
CPgwnst» and the majority of hillslope infiltrate completely
bypasses the floodplain groundwater system. It is therefore
concluded that the bulk hydraulic properties associated to
the predominantly fine-grained hillslope and floodplain sedi-
ments do not facilitate enough groundwater flow to drain the
southern hillslope recharge area and the floodplain would
rather act as a barrier to cross-valley groundwater flow than
as a conduit.

As seen in the comparison between scenarios 1 and 2, the
groundwater fluxes are highly sensitive to the geometric and
hydraulic properties of the aquifer materials. The uncertainty
of such properties is extremely high in these characteristically
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Table 2  Water and solute balance in the floodplain aquifer
Aquifer Adquifer transmissivity [m*s] ~ Control plane  Long-term average  Peak water  Total sulfur Total nitrogen
water flux [L/s] flux [L/s] load [kg/year] load [kg/year]
Scenario 1: geometric means of aquifer transmissivities
Hillslope 7.6x107° CPhgp 0.12 0.20 242 3.42
Tufa 1.7x107° CPypsic 0.02 0.025 65.3 1.29
CPwnstr 0.04 0.05 26.7 3.13
Gravel 13x107* CPypstr 0.06 0.065 190 1.92
CPwnstr 0.16 0.165 111 10.8
Scenario 2: high transmissivity features included
Hillslope/Hillslope hollows 7.6 x 10°/1.5 x 107~* CPhap 0.59 0.96 68 9.64
Tufa 6.7x 107 CPypsir 0.07 0.10 199 3.93
CPywnstr 0.14 0.21 81.3 9.51
Gravel/gravel channel 1.0x10%1.2%x107° CPyper 0.42 0.45 2,607 12.1
CPywnstr 0.80 0.86 902 10.9

heterogeneous geologic settings in temperate climates.
Increasing the effective hydraulic conductivity and connectiv-
ity of the hillslope hollow colluvium and the downstream
gravel channel by a factor of three to four would result in far
different interpretations on the hydraulic behavior of the
floodplain, thus its biogeochemical functioning.

Dynamics of hillslope groundwater discharge

Peak groundwater discharge estimates presented in Table 2
highlight the increased discharge dynamics within the
Hillslope Aquifer as compared to the floodplain aquifers.
Groundwater discharge from the hillslope increased as much
as 0.37 L/s as compared to ~0.05 L/s in the floodplain. These
hillslope dynamics are observed both in seasonal groundwater
fluctuations and from single rainfall events (Fig. 7). Since the
floodplain aquifers do not accommodate the extra flux, the
springs and drainage channels running parallel to the
hillslope-floodplain boundary (Fig. 2) must act as “release
valves” and receive a substantial fraction of subsurface hill-
slope runoff during hydrological events.

Table 3 presents surface water and groundwater fluxes
from a rainfall event on March 13, 2019. Over the course
of a day and a half, there was 10 mm of rainfall, followed
by a 3-week dry period. Surface-water fluxes are derived
from river stage measurements in v-notch weirs within the
drainage channels, as outlined in Fig. 10b, while groundwa-
ter fluxes are calculated from the groundwater contour maps.
Pre- and post-rainfall water fluxes show the increase in dis-
charges immediately after rainfall, which are summed up
over a subsequent 14-day period, to estimate the approxi-
mate amount of additional water coming from the rainfall
event. The increase in discharge within the drainage chan-
nels is substantially higher than the groundwater flux
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increase, indicating that a significant amount of recharge
from the rain event likely travels rapidly to the drainage
channels as interflow. Increases in hillslope groundwater
fluxes were twice as large as in the two floodplain aquifers
combined, so it is believed that this additional groundwater
flux is captured by the hillslope spring. Though the hillslope
spring is providing an important release valve for excess
hillslope groundwater, the total amount of water which ac-
cumulated over the days following the event, only accounts
for approximately 15% (960 m®) of the total hillslope re-
charge (6,600 m®) from that rain event. The discharge esti-
mates from the drainage channel weirs are uncertain.
However due to the large discrepancy between groundwater
and surface-water fluxes, as well as surface-water fluxes and
hillslope recharge, this measurement uncertainty does not
impact the interpretation of the results.

The likely candidate for this substantial unaccounted-for
hillslope recharge could be a weathered bedrock aquifer,
which may discharge further downstream to the gravel chan-
nel, or possibly to the neighboring river catchment as inter-
basin groundwater flow.

Fate of redox-sensitive solutes

The water recharging along the hillslopes, or from the Ammer
River, contains elevated levels of dissolved oxygen and ni-
trate, whereas the groundwater in the Tufa Aquifer lacks these
electron acceptors altogether. This implies that the total
electron-acceptor flux from the southern hillslope to the
Tufa Aquifer is reduced. It is not possible to make any state-
ments about the reduction kinetics, as the transition from the
observation wells on the hillslope to those in the Tufa Aquifer
is binary. However, assessing the kinetics is futile if the entire
flux is converted anyway. While the Tufa Aquifer appears a
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Table 3 Fluxes of surface water
(Qs) and groundwater (Q,) from a
rainfall event on 13 March 2019

Water body/aquifer

Pre-rainfall water flux [L/s]

Peak rainfall
water flux [L/s]

Cumulative discharge
over 14 days [m?]

Surface water

Hillslope spring 1.1%
(Qs CPhlsp)
Drainage channel — 2.8%

llpStream (Qs,CPupstr)

Drainage channel — 5.1°

downstream (QS.C Pdwnstr)

Groundwater - scenario 2

Hillslope 0.52
(Qg,C Pupslr)
Tufa 0.08

(Qg,CPupstrf Qg,CPdestr)

Gravel 0.40

(Qg,CPupstr7 Qg,CPdwnstr)

3.0° 960*
7.2° 830°
10.3° 1,200°
0.70 203°
0.10 23°
0.47 67°

Hillslope recharge [m®] = rainfall [mm] x recharge area [km?] x recharge fraction
=10 mm x 2.65 km?* x 0.25 ~ 6,600 m® of hillslope recharge

#Due to an incomplete rating curve for the v-notch weirs, the discharge estimates are highly uncertain

® Calculated using the peak groundwater flux over the entire 14 days following rainfall

biogeochemical hotspot, its relevance for the large-scale elec-
tron-acceptor balance is limited, because there is hardly any
water discharge passing through the Tufa Aquifer. The com-
bination of highly reducing conditions at low flow-through is
fairly typical for many sedimentary systems. If there had been
more flow through these deposits in the last 2,000 years, the
high electron-donor content of the matrix may have already
reacted with the incoming flux of dissolved oxygen.

The Gravel Aquifer is less reducing. However, there is no
indication that oxidized water from the southern hillslope is
transferred to the oxidized eastern part of the Gravel aquifer
without passing a reducing zone. It is believed that the entire
flux of dissolved electron acceptors entering the floodplain
sediments is reduced, regardless of influx occurring into the
Tufa or Gravel aquifers. As stated previously, the prevalence
of oxidizing conditions at the downstream end of the Gravel
Aquifer indicates the relevance of the postulated clean-gravel
channel underneath the clayey gravel. That is, also large parts
of'the reducing sections in the Gravel Aquifer are bypassed by
the major groundwater flux.

It is not possible to make any statements on whether dis-
solved ammonium found in reduced groundwater originates
from nitrate inputs via direct nitrogen reduction to ammonium
or from natural organic matter decomposition via ammonifi-
cation. Also, setting up a sulfur balance is difficult (Table 2).
Not all sulfate is reduced to sulfide species, but wherever there
is direct contact to bedrock of the Grabfeld formation there is a
chance of new sulfate inputs from subrosion of gypsum.

Conclusions

A bias towards research on field sites where the floodplain
acts as a conduit to groundwater flows limits the generalized
statements made on the hydrogeological and biogeochemical
functioning of a floodplain. Amongst hydrogeologists, there is
a bias towards research on larger floodplains of higher-order
river systems with wide, thick and transmissive alluvial aqui-
fers because they can be exploited for drinking-water produc-
tion and irrigation. Many of the near-surface hydrogeological
and hydrogeophysical investigation techniques have been
catered towards these types of sedimentary settings. With such
permeable aquifer material, the floodplain groundwater fluxes
are significant and facilitate a strong connection between the
landscape and the draining surface-water body.

The catchment hydrology community is biased towards
research on headwater sites, especially those where bedrock
is significantly less permeable than the upper soil mantle.
These sites are treated as closed hydrologic systems, where
the draining streams act as the integrators of water flows, and
topographic indices are used to characterize the hydrology of
landscape elements. This conceptualization implicitly requires
that floodplains must be conduits for subsurface water flow,
and thus, their hydraulic and biogeochemical properties are
critical for the timing and magnitude of streamflow genera-
tion, and the resulting streamflow chemistry.

Due to the high content of fines and organic material, and
their location within the hydrological system, biogeochemists
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are biased towards research on highly reactive floodplains sites.
With these regions of enhanced reactivity, biogeochemists typ-
ically assign floodplains a critical catchment-scale filter func-
tion against agricultural infiltrate. This requires that the major-
ity of water is forced to pass through the floodplain material on
its way to the stream, thus acting as a conduit for groundwater
flow; however, that is often not considered by biogeochemists.

In contrast to many studies on floodplain hydrologic func-
tioning, the predominance of lower-permeability hillslope and
floodplain aquifer material suggests that temperate floodplains
have the potential to act as significant barriers to groundwater
flow. This study’s characterization of the Ammer floodplain, a
temperate analog, provides evidence for this hydrological am-
biguity: (1) the local floodplain groundwater system shows a
strong connection to the hillslope, and very weak correlation
to the river stage fluctuations, unless in the direct vicinity of
the river; (2) groundwater collects the net precipitation on the
southern hillslope; however, the generally fine-grained hill-
slope colluvium and floodplain alluvium acts as a barrier to
groundwater flow, suggesting a large proportion of ground-
water may bypass the floodplain via intermediate groundwater
flow systems; (3) springs and drainage channels along the
hillslope-floodplain transition provide the necessary release
valve for excess hillslope groundwater discharge, not collect-
ed by the floodplain.

This study’s interpretation of the floodplain functioning is
directly linked to the presence or absence of major
hydrogeological features, and their associated hydraulic and
geometric parameters. A large discrepancy is revealed, be-
tween the estimated recharge in the catchment and the ob-
served groundwater and surface water fluxes. This discrepan-
cy could result from conceptual model uncertainty (e.g., pres-
ence of a weathered-bedrock aquifer) and/or the hydraulic and
geometric parameter uncertainty of the major hydrogeological
features investigated in this study (e.g., the gravel channel and
the hillslope hollows). These limitations motivate the authors’
future work. First, to address the conceptual model uncertain-
ty, the plan is to take a step back and use generic numerical
models to systematically determine the hydrological relevance
of different surface and subsurface features. This would have
the added benefit of determining dimensionless geometric and
hydraulic parameters that control the system behavior, and of
allowing for more generalized statements to be made on flood-
plain functioning. Validating the outcomes of such modeling
exercises will require a step forward in hydrogeological and
hydrogeophysical characterization techniques in such temper-
ate fine-grained settings, sites often neglected by the research
community at large.
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ARTICLE INFO ABSTRACT

Keywords: The Upper Neckar and Ammer River valleys in southwestern Germany correspond to the southwestern limit of

Pollen analysis the overall distribution of the oldest Linear Bandkeramik (LBK) culture. More than 200 Neolithic sites are known

Wood charcoal from this region, with one of the oldest sites located in the vicinity of the village Ammerbuch-Pfaffingen, 10 km

Archaeobotany west of Tiibingen, Germany. The archaeological record suggests that settlement activities occurred here between

K:E:ngxre approximately 6300 and 6030 BP (modelled ca. 5290-4900 calBC). Despite the various on-site activities, little is

Subsistence known about the environment and its resources that were available prior to and after the LBK arrival. We here
present the first results of a palynological study of a 2.4 m section from two parallel, overlapping 16 m (in total)
sediment cores. The cores were retrieved in 2018 from a palaeo-wetland (Ammer palaeo-mire) only 0.7 km
distant from the LBK settlement “Liisse” and 2.5 km from the LBK settlement “Unteres Feld”. Pollen, spores,
charcoal and plant macro-remains indicate three major periods of vegetational development between 10,650
and 7870 calBP. Accordingly, between 10,650 and 10,150 calBP, deciduous oak forests with strong participation
of hazel (Corylus avellana) and open vegetation dominated by Artemisia, Chenopodiaceae and diverse species of
the Asteraceae family were spread around a shallow palaeo-wetland of ~3 km?. From 10,150 to 8400 calBP,
vegetation around the palaeo-wetland turns into a mixed oak forest with an even more prominent presence of
hazel. From 8400 to 7870 calBP, a noticeable dominance of mixed oak forests is established in the surroundings
and the palaeo-lake turns into a river floodplain. It is highly probable that, at the time of the arrival of the LBK,
diverse natural plant resources were available from a mixture of trees, herbs and wetland taxa. The bioarch-
aeological evidence from the following LBK are based on the analysis of seeds/fruits and wood charcoal from
‘Liisse” and ‘Unteres Feld’ and complements the information on land use for the period after the pollen record
stops. The results suggest that the alluvial wetland area continued to provide food resources, together with the
mixed oak forests which were also targeted by the LBK population. Apart from cultivation, LBK land-use caused
an increase in the light-demanding forest component. The current study integrates the usually rarely available
palaeo-ecological records from near LBK sites with on-site bioarchaeological evidence and thus delivers valuable
insights on the environment at the beginning of farming in Central Europe.

1. Introduction became established for the first time, but also other technological in-
novations such as the production of pottery and grinding stone tech-

The LBK is considered the oldest Neolithic culture in Central nology appeared for the first time. While it has long been a matter of
Europe. Consequently, at around 5300 calBC, not only arable farming, debate whether neolithization was only triggered by a cultural impulse
stock breeding and a sedentary lifestyle in the regions north of the Alps or by the immigration of groups of people (Zvelebil, 1994; Tillmann,
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1993; Kind, 1998), the results of palaeogenetic studies suggest that not
only the first domestic animals and cultivated plants but also the first
farmers came ultimately from the ancestors who first spread from
Anatolia into the Aegean, from there to the Balkans and across the
Carpathian Basin to Central Europe (Hofmanova et al., 2016; Mathieson
et al., 2018).

Since 2017, archaeological excavations have been carried out on
two settlement sites of the LBK in southwestern Germany at
Ammerbuch-Entringen ‘Unteres Feld’ and Ammerbuch-Pfiffingen
‘Liisse’. The evaluation of the finds from both sites shows a continuous
settlement from the oldest/older LBK to the younger stage of the LBK
(Bofinger et al., 2018; Krauf3 and Bofinger, 2019). Modelling of AMS
dates from various features sets the beginning of settlement activities at
‘Liisse’ to 5290 calBC. At ‘Unteres Feld’, the settlement activities end by
4900 calBC (Krauf et al., 2020 this volume). While typical longhouses
were found at both sites, only the settlement area at ‘Liisse’ is defined by
a wide ditch. Some LBK burials are documented from the ditch-fill as
well as within the area surrounded by it. The fertile loess soils of the
Ammer River Valley and the neighbouring countryside constitute a
landscape ideally suited for the investigation of the beginnings of se-
dentary life and early agriculture in Central Europe. A large number of
Neolithic sites in this region indicates settlement clusters of the first
sedentary communities in southwestern Germany (Bofinger, 2005).

One of the most interesting, but also challenging, questions asso-
ciated with the spread of LBK in Central Europe concerns the recovery
of direct evidence on the environment and the early impact on this
environment by the first farmers and their settlements. Another ques-
tion concerns the possible overlap of the ecological niches used by
Mesolithic and Neolithic populations. The evaluation of the natural
resources and influence of climate on the spread of the Neolithic into
Europe has shown that the first settlers preferred specific areas domi-
nated by rich thermophilous mixed oak forests close to wetland areas
(Ivanova et al., 2018; Krauf et al., 2018). Similarly, LBK sites occur also
on ecotones, usually close to loess boundaries (e.g., loess areas bor-
dering alluvial flood plains or other loess-free areas) (Sabel, 1983;
Bakels, 2009; Lorz and Saile, 2011). However, the location of LBK
settlements on the dry loess landscapes means also that there is little to
no chance for the availability and preservation of proxy climatic data,
such as lacustrine sediments containing pollen- and other palaeoeco-
logical archives on past human - environmental interaction. One of the
most prominent exceptions is the palynological record from Eichsfeld
(Lake Lutter), near Gottingen, situated close to LBK settlements. Here,
the pollen record showed clearly pronounced LBK human activities,
such as cereal cultivation and woodland use (Beug, 1992). Our study
area in the Ammer River Valley provides similar conditions where
several LBK sites are situated between 0.7 and 2.5 km from a large
former wetland and mire area. Therefore, one of the nearest cores
(X039) to the excavation sites from an extensive drilling campaign in
the Ammer River Valley (Fig. 1) was selected for detailed palynological
analysis in order to obtain a well-constrained picture of the vegetational
composition and environmental changes during the Early Holocene.
Further, the study considers the archaeological and bioarchaeological
evidence for land-use and subsistence obtained from the nearby sites
‘Liisse’ and ‘Unteres Feld’ (Fig. 1). The integration of on-site and off-site
environmental data enables the evaluation of the potential of the study
area for subsistence strategies during the Mesolithic and Neolithic
periods.

2. Regional setting

The study area within the Ammer River Valley is located west of
Tiibingen in southwestern Germany. It is bounded by theSchonbuch
nature reserve to the north with steep slopes and the Wurmlinger
Saddle to its south with more gentle slopes (Fig. 1). The valley centre is
dominated by a wide and flat floodplain today. The small modern-day
Ammer River, as a tributary of the Neckar River, is fed by groundwater
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from a partially karstic Triassic limestone aquifer, with its headwaters
near Herrenberg in the west (Grathwohl et al., 2013). The W-E flowing
Ammer River is about 22 km long, with a mean discharge of approxi-
mately 1 m?® s™! (Schwientek et al., 2013; Liu et al., 2018) and a
catchment topography ranging between 312 and 600 m. a.s.l. The cli-
mate of the Ammer River catchment is described as humid-temperate
with highest air temperatures during the day in the summer months
from June to August (mean 21-24 °C, red solid line, Fig. 1) and lowest
temperatures during the winter months December to February (mean
-1-0 °C; meteo-blue.com). Precipitation differs only slightly over the
year, centering on c. 80 mm per month. Higher (>80 mm/month)
precipitation usually reaches the area in December, March and May.
However, the south-facing slopes of the Schonbuch nature reserve are
known for a microclimate with unusually high temperatures and low
rainfall amounts that allow thermophilous and drought-adapted vege-
tation to thrive. This area acted as a refugium for several plant species
during the last Ice Age (Arnold, 1986).

The Ammer River Valley shows deposits up to 22 m thick
Quaternary sediment record of (from top to bottom) brown alluvial
clays, Tufa (calcareous sand and gravel), grey clays, and fluvial and
colluvial gravels on top of the Middle Triassic dolostones and mud-
stones, of the Erfurt and Grabfeld-Formation, respectively (e.g., Geyer
et al., 2011; Klingler et al., 2020). The Grabfeld-Formation and younger
Middle Triassic mud- and sandstones form the valley slopes and are
covered by a loamy soil layer in the eastern part and sporadic loess
deposits in the western part of the study area (Grathwohl et al., 2013;
Selle et al., 2013). Soils, which developed on the Triassic bedrock are of
poor quality in terms of water accumulation and utility (Weller, 1986).
In contrast, rich loess deposits with valuable water content, nutrient
availability and utility cover the karstic Middle Triassic Muschelkalk
limestones west of the study area and are intensively used for agri-
culture (Bibus et al., 1985).

Today, land cover is dominated by agriculture (71%), with various
annual crops like wheat, barley, maize, or rape-seed, followed by urban
land use (17%). Hill slopes are mostly covered by oak, beech and in-
troduced spruce, pine or larch forests (12%) (Grathwohl et al., 2013;
Schwientek et al., 2013). The traditional land-use at the slopes of the
Schonbuch down to the Ammer River floodplain comprises the so-called
“Streuobstwiesen”, which refer to meadows with fruit trees (Weller,
1986). The fruit trees are dominated by Maloideae, including pear and
apple, with high frequencies of cherry and plum belonging to the
Prunoideae. Walnut trees are frequently interspersed. Viticulture is
another common feature of the Schonbuch escarpment on slopes of high
light incidence (Vowinkel, 2017). The high biodiversity of the cultural
landscape of the Schonbuch valley above the Ammer River valley has
led to its declaration as a protected area (Vowinkel, 2017).

The potential natural vegetation of the Ammer River catchment of
today would be dominated by sessile oak-hornbeam forests (Quercus
petraea, Quercus robur, Carpinus betulus), alternating with species-rich or
species-poor beech forests (Fagus sylvatica) (Bohn et al., 2003). The
shrub undergrowth (Crataegus laevigata, Crataegus monogyna, Corylus
avellana, Lonicera xylosteum, Viburnum lantana, Cornus sanguinea; Li-
gustrum vulgare, Prunus spinosa, Rosa arvensis) could be moderately to
well developed, while the herb layer would be dense and species-rich
(Bohn et al., 2003). The potential natural vegetation of the alluvial
plain itself would be dominated by alder-ash forests (Fraxinus excelsior,
Alnus glutinosa) or ash-elm forests (Ulmus minor, Fraxinus excelsior).
Plant communities are dominated by Fraxinus excelsior, which is well
adapted to soil wetness (Oberdorfer, 1962). These are characteristic
features of soils that formed above the clayey Keuper formations in the
Ammer River Valley and occur also partly in combination with moist
pedunculate oak-hornbeam forests and alder carrs (Alnus glutinosa).
These plant communities are relatively light forests, sometimes asso-
ciated with Quercus robur, Acer pseudoplatanus and Ulmus glabra (tree
height up to 25-30 m), and with a species-richer shrub layer (Prunus
padus, Corylus avellana, Sambucus nigra, Rubus idaeus, Salix fragilis, Salix
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Fig. 1. (A) Map of the Ammer River Valley and location of sediment cores X039 (A & B) and UJ15, mentioned in the text. The white outline marks the extension of
Tufa deposits (after Dersch, 2019), which are indicative of a palaeo-wetland (Ammer palaeo-mire) that started to develop by 11.9 ka calBP and dried up after 7.5 ka
calBP. (B) Lithology and chronology of core X039 and UJ15 showing the consistent abundance of Tufa in the Ammer River Valley. (C) Climate diagram of the Ammer
River Valley based on mean precipitation and temperatures of the past 30 years (diagram adapted by www.meteoblue.com). The “average daily maximum” (solid red
line) shows the maximum temperature of an average day for Tiibingen. Likewise, the “average daily minimum” (solid blue line) shows the minimum temperature of
an average day. Hot days and cold nights (dashed red and blue lines) show the average of the hottest and coldest day of each month. . (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

caprea, Prunus spinosa, Crataegus monogyna, Ribes rubrum, Viburnum
opulus, Euonymus europaea; Ribes spicatum and Frangula alnus) and a
dense, species-rich herb layer (Bohn et al., 2003).

The first sedimentological investigations indicate that the Ammer
River Valley used to be a shallow palaeo-wetland (Stuhlinger, 1963).
Only a few hundred meters from the most western margin of the former
wetland area, a large settlement of Early and Middle Neolithic farmers
has been known since the 1920s (Bofinger, 2005). Later, Meier-Arendt
(1966) presented dating evidence for settlement during the oldest and
older LBK phases (stage I & II). Recent excavations (Bofinger et al.,
2019; 2018; Krauf et al., 2020) provided new evidence on the timing
and nature of spread of the LBK along the margins of the palaeo-wet-
land at Ammerbuch-Pfaffingen ‘Liisse’ and Ammerbuch-Entringen ‘Un-
teres Feld’ (Fig. 1).

3. Materials and methods
3.1. Core extraction

Sediment cores X039A and X039B were recovered from the now dry
palaeo-wetland near the village of Ammerbuch-Pfaffingen, Germany
(48°31’44.11”N, 08°57’47.73”E) in March 2018 (Fig. 1). The drill site is
located 2.5 km away from the excavation site ‘Unteres Feld’ and 0.7 km
from the site ‘Liisse’ (Krauf} et al., 2020). Cores X039 A and B were
taken 2 m apart from each other by using a sonic drilling unit (Small-
RotoSonic SRS T, SonicSampleDrill) and reached a depth of 15 and
16 m respectively. Coring occurred in continuous 2 m intervals without
overlap which were then pressed into 50 cm plastic liner segments.
Core recovery depends on the lithology and hence varied between 80%
and 82% for X039A and X039B respectively. From here onwards we
refer to the cores X039A and B as the composite core X039. An addi-
tional core UJ15, which is expected to be from the centre of the palaeo-
wetland, was recovered using a direct push unit (6610 DT, Geoprobe) in

2015. In addition, more than 30 additional sediment cores up to 22 m in
length have been collected for hydrogeological investigations since
2017 in the framework of the CRC CAMPOS 1253 at the University of
Tiibingen (Klingler, 2017; Martin, 2017; Klingler et al., 2020). Addi-
tional direct-push campaigns mapped an area of ~3 km? of calcareous
Tufa sediments by borehole logging of natural gamma radiation in the
Ammer River Valley which was validated by numerous sediment cores
such as the partly dated core UJ15, which we assume to present the
centre of the wetland (Dersch, 2019). These cores were used to compare
the sedimentological record and to interpret the regional context of the
palaeo-wetland.

3.2. Sedimentological investigations

Core sections were split lengthwise into two halves, photographed
and described. Sediment colour was determined using a Munsell soil
colour chart. Grain size and composition were defined by a semi-
quantitative finger test, differentiating between clay, silt, very fine,
fine, medium, coarse and very coarse sand as well as gravel (Fig. 2).
After non-destructive analyses, working halves were sub-sampled at 1-
cm intervals and samples were stored at 4 °C. In order to avoid con-
tamination, the outer rim of each sample was removed. The archive
halves were wrapped in clingfilm to prevent desiccation and stored in a
cool room at 4 °C for further non-destructive analysis.

3.3. Chronology

Age control is provided by four radiocarbon dates on charcoal, plant
and wood remains from core X039, with two determinations for UJ15
(Table 1, Figs. 1 and 2). Core UJ15 was cored for first sedimentological
and chronology investigations with no high-resolution sediment sam-
pling. Therefore, this core is only used in the correlation of sedimentary
facies and the estimation and timing of the palaeo-wetland extent. For
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the core X039, AMS '“C dating took place at the “Curt-Engelhorn-
Zentrum Archéometrie Laboratory” in Mannheim. Charcoal, wood and
plant remains were pre-treated using the ABA-method (Acid/Base/
Acid) with HCl, NaOH, and HCl and measured with the MICADAS AMS
system. The determined '*C ages were standardized to §'3C = —25%o
(Stuiver and Polach, 1977) and calibrated to calendar ages using the
INTCAL13 data set and the SwissCal software (L. Wacker, ETH Zurich).
Samples from UJ15 were sent to Beta analytic Inc. in Florida (samples
labelled as ‘beta’ in Table 1). An age-depth curve of the X039 core was
constructed by linear interpolation using TILIA software (Grimm,
1992a, b). Ages are given in calendar years and kilo-years before pre-
sent (ka calBP).

3.4. Palynological analysis

Palynological preparation was performed at the Laboratory for
Archaeobotany at the State Office for Cultural Heritage of Baden-
Wiirttemberg, Germany. According to the aim of the study - to provide
insights into potential vegetation resources during the Mesolithic-
Neolithic transition in the Ammer River Valley - we focused on the time
frame between 10,000 and 7000 calBP (490-260 cm core depth), from

which 20 samples were analysed (Fig. 2). Here, 1 cm® of sediment was
directly taken from the sediment core and treated following the pro-
tocol for a) hydrofluoric acid treatment and b) acetolysis (Erdtman,
1960; LacCore SOP Collection, 2016). For a), we first decalcify in HCl
10% the Lycopodium tablets and 1 cm® sediment, then KOH 10% (po-
tassium hydroxide) was added to the sample for dissolving humic acids
as well for loosening the material and afterwards it was sieved in a
mesh of 150 um for reducing the material with coarser organic residues
and sand; at the end, the clastic material was removed by using cold,
concentrated HF (hydrogen fluoride) in a hot (95 °C) water bath for
30-40 min. In the case of b) Acetolysis: acetic anhydride and sulphuric
acid (in proportion 9:1) were added to the samples, subsequently the
samples were heated in a water bath at 95 °C for 4 min to remove at its
maximum the cellulose rich detritus in the sediment. Glycerine and
Histolaque LMR® were used for mounting the microscope slides. Lyco-
podium spores were used as a spike in order to determine pollen and
micro-charcoal concentrations.

Palynomorphs were identified and counted using an Olympus BX50
microscope with 400x and 600x magnification. Despite low con-
centration values, at least 350 pollen grains of terrestrial plants were
counted per sample. Determination of pollen taxa is based on Beug

Table 1

AMS“C chronology of cores X039 and UJ15.
Lab code Sample name Core depth Material Unit 14C age Error 013C AMS C Calendar age - 2 Calendar age - 2-sigma

sigma
[em] [yr BP]  [yrs] [%o] [%] [cal yr BC] [cal yr BP]
42,988 X039B/C14-1 260-261 charcoal base brown clay 7032 48 —43.9 53.1 6010-5804 7820-7926
44,672 X039B/C14-6 351-352 charcoal Tufa middle 7882 35 -30.7 56.1 6767-6654 8629-8751
42,990 X039B/C14-2 426-427 charcoal Tufa middle 8879 33 -22.8 61.7 8227-7849 9940-10,125
42,989 X039B/C14-3 586-587 charcoal Tufa lower part dating failed
42,991 X039B/C14-5 756-757 wood Gravel-grey clay 10,027 35 —-20.7 37.9 9764-9381 11,396-11,687
transition
Beta - 432,466 UJ15/3-90- 310-311 plant Top of Tufa 6650 30 —24.7 43.7 5630-5530 7580-7480
93.14C material

Beta - 432,467 UJ15/9- 1060-1061 wood Gravel-grey clay 10,190 40 -24.9 28.1 10,085-9805 12,035-11,755

100T_14C transition
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Fig. 3. Summary of the frequencies (%) of main pollen types,

(1961, 2004), Moore et al. (1991) and Reille (1992) photo atlas. Non-
Pollen-Palynomorph (NPP) determination and the counting of micro-
charcoals were also completed on the same pollen slides NPP identifi-
cation, classification and their palaeoenvironmental implications are
based on van Geel (1986, 1989, 2003), and Van Geel et al. (1980).
Pollen results are presented in percentage values of the pollen sum
(Fig. 3). The pollen sum consists of the total terrestrial pollen identified,
excluding the aquatics and spores. Moreover, the pollen counts for Pinus
and Poaceae were also excluded as most probably P. sylvestris pre-
ferentially grew on wet, poorly developed soils near the site. The fre-
quency of Phragmites rhizomes in the sedimentary record, which often
occur together with peaks of Poaceae, suggests that a high proportion of
the Poaceae in the record has a local origin. The determination of pollen
zones is based on the visual estimation of pollen type abundances over
5% in the light of the terrestrial arboreal and non-arboreal vegetation.
The zonation of the NPP-diagram (Fig. 4) was based on the changes of
concentration values for the most abundant NPP taxa. For counting and

500 1000 1500

observed in core X039. Dots indicate only minor abundances.

basic calculations, the programmes TAXUS (http://www.schnelke.de/
taxus.htm) and TILIA (Grimm, 1992a, b) were used.

3.5. Plant macro-fossils

Visible macroscopic plant remains were separated from core X039
during core sub-sampling. The plant macro-remains were gently wa-
shed with purified water and either sent for radiocarbon dating or
stored in china cups with glycerine. Macro-fossil determination and
analysis was based on a low magnification microscope (10-70x) to-
gether with a reference collection and identification literature (Grosse-
Brauckmann, 1972; Grosse-Brauckmann and Streitz, 1992; Jager, 2016;
Mauquoy and Van Geel, 2007). The major plant macrofossils identified
and layers rich on macrofossils are indicated on Fig. 2.
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Fig. 4. Summary of main NPP in (%) and micro-charcoal concentrations, observed in core X039.
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3.6. Bioarchaeological evidence

Archaeological plant remains from the LBK layers of ‘Unteres Feld’
and ‘Liisse’ were extracted from secure, well-dated archaeological
contexts by means of hand flotation. From the site “Unteres Feld”, nine
contexts are considered - all assigned to the phase Ammer Valley 2 (AV
2) (ca. 5200 - 5130 calBC) according to the chronological scheme de-
veloped for the study area by Krauf et al. (2020, this volume). The total
sediment volume floated was 139 L and contained 979 plant fruit/seed
remains. The archaeobotanical evidence of ‘Liisse’ originates from 3
contexts that belong to the chronological phase AV 3 (ca. 5130-5050
calBC., see Kraup et al., 2020 this volume). Here, 91 L of sediment were
floated, and 1377 plant macro-remains recovered. Owing to the dry soil
condition of the study sites, only charred and few mineralised plants
macro-remains are preserved. The seed/fruit remains were analysed
under a low magnification (10-50x) stereomicroscope and identified
using a reference collection and corresponding specialised literature.
The dataset was stored and quantified using the specialised software
Arbo Dat (Kreuz and Schifer, 2002). Mega-charcoals, i.e. taxonomically
identifiable charcoals with size =1 mm, from the same samples were
analysed using a stereo lens with zoom magnification up to x 120 and
an incident light microscope with magnification up to x500.

4. Results
4.1. Sedimentology and chronology of core X039

The upper 8 m of core X039 show four sedimentary facies: (1)
gravel, (2) clay, (3) Tufa, and (4) silty clay peat (Fig. 2). Gravel (800-
780 cm) marks the lowermost unit, with light grey to grey angular to
semi-rounded clasts embedded in a grey silty matrix. The transition into
the above massive grey clay (sometimes clayey silt) is sharp, indicating
a change in the depositional regime at 11.5 ka calBP, as suggested by
the earliest AMS date. The lower grey clay layer ranges from 780 to
700 cm depth and is usually sparse in organics except at the base. The
term Tufa is assigned as a sedimentological unit that consists mainly of
carbonate precipitates (>95%) with high content of organic material
(Pedley, 1990; Collins et al., 2006). Tufa forms either through biogenic
processes that cause carbonate precipitation (e.g. algae) or abiogenic
processes when carbonate-rich ground water enters a water body
usually under fluviatile or lacustrine conditions (Kramer and Kapfer,
2001). Tufa in core X039 contains mostly silt-to gravel-sized cylindrical
carbonaceous nodules with a dark brown to light cream coloured,
clayey to silty matrix. There are two main Tufa horizons in the X039
record. The lower one sits on top of the grey clay between 700 and
650 cm, while the upper one is located between 600 and 300 cm depth.
In the latter, plant macro-remains (mostly Phragmites- and Cyperaceae-
rhizomes, but also sporadically moss layers), as well as macro-charcoal,
gastropods, molluscs and carbonaceous nodules were regularly ob-
served. The AMS '*C chronology places the lower Tufa unit between
11.3 and 11 ka calBP and upper Tufa unit between 10.8 and 8.2 ka
calBP (Fig. 2). Due to their swampy depositional environment with
ponding waters in warm climate, Tufa deposits are often associated
with peat deposits. The transition between Tufa and peat deposits can
occur gradually or abruptly, depending on the range of carbonate and
telematic sedimentation or rising groundwater temperatures (Grube
and Usinger, 2017) as well as the location of the palaeo-wetlands
margin. In the Ammer River Valley, both gradual and abrupt changes
can be observed, depending on the location of the core relative to the
palaeo-wetland margin. Tufa is often bounded by peat layers, which
occur after the silting of an open water and the start of peat formation.
The same can be observed in X039, where peat layers are interbedded
with Tufa deposits. Such peat layers - often also silty - occur at 650-
600 cm and 300-280 cm core depth. The upper peat layer marks the
transition (8.1 ka calBP) to a loamy brown clay unit, between 280 and
0 cm. This brown clay is inhomogeneous and contains few Tufa
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components, well-rounded fine gravel, sands as well as some organic
material. We only recovered 60% of the core in these upper 2.5 m with
the sonic drilling technique.

Based on the varying lithology with partly abrupt changes, the age-
depth model needs to be considered as preliminary. More dates, espe-
cially at the lithological transitions, are necessary for a better estima-
tion of the indicated changes in sedimentation rates and detect hiatuses
to finally develop a robust age model. For the scope of this study,
however, the existing age-depth estimation is sufficient, as the aim is to
provide insights into plant resources during the Mesolithic-Neolithic
transition. The good correlation between UJ15 and X039 confirms
basin-wide palaeo-environmental changes, such as the onset of grey
clay sedimentation at the base at 11.5 and 11.9 ka calBP or the ter-
mination of Tufa deposition at 8.2 and 7.5 ka calBP (Fig. 1).

4.2. Pollen, non-pollen palynomorphs and microcharcoal

The pollen assemblages generally show good to moderate pre-
servation and diversity: 67 pollen and spore taxa were identified overall
and c. 27 taxa per sample. Higher numbers of corroded, unidentifiable
pollen occur only at a few levels (between 360-320 cm and 440-
429 cm), where the samples are also characterised by low pollen sum
and resp. concentration (Fig. 3). Therefore, the assemblages can be
considered as sufficiently representative to provide a good basis for
inferring the main vegetation types in the study area. By considering
the main pollen types whose values exceeded 5%, three (AM1-3) local
pollen assemblage zones (LPAZ) were determined (Fig. 3).

LPAZ-AM1 (Quercus — Corylus - Ulmus), located at a depth of
500-435 cm (10.6-10.1 ka calBP) is dominated by oak forests with an
abundance of Corylus avellana (20%) and up to 30% NAP (Non-
Arboreal-Pollen), mostly consisting of Artemisia and Chenopodiaceae.
The local vegetation is dominated by Cyperaceae and Polypodium vul-
gare (Fig. 3). LPAZ-AM2 (Corylus -Quercus — Ulmus - Tilia), located at a
depth of 435-295 cm (10.1-8.2 2 ka calBP), exhibits a large portion
(40%) of pioneer taxa, such as Corylus avellana and oak (Quercus, 20%).
The non-arboreal pollen (NAP) is dominated by grass (Poaceae), Arte-
misia, Chenopodiaceae and different species of the Asteraceae family.
Local vegetation shows the presence of wetlands, while the existence of
open water is suggested by obligatory aquatics, such as Potamogeton,
Nuphar lutea and Nymphaea alba. LPAZ-AM3 (Quercus - Ulmus - Tilia),
located at a depth of 295-260 cm (8.2-7.8 2 ka calBP), is dominated by
oak (Quercus, 30%), elm (Ulmus) and lime (Tilia). Local vegetation is
represented by Urtica, Filipendula, Cyperaceae and Callitriche.

Micro-charcoal concentrations vary widely amongst and within the
different units, with a period of markedly lower fire activities in the
middle part of the Tufa (Fig. 4). The NPP zonation (Table 2 and Fig. 4)
correlates well with the sedimentological units observed in the profile,
showing the continuous presence of shallow open water. Peaks in ero-
sion and dung indicators occur in the upper part of the record. Images
of the most common NPP-types are displayed in Fig. 5.

4.3. The archaeological and bioarchaeological record

Since the palynological samples from core X039 are demonstrably
older than the Early Neolithic, the archaeo-botanical record from the
two Neolithic sites in the core X039 catchment is used to complete the
picture of vegetational resources in the region. The archaeo-botanical
assemblages are dominated by cultivated plants such as hulled wheat
and pulses (Fig. 6), followed by plants which could be field weeds but
also ruderals - natural plants favoured by human influence. Owing to
the small number of samples, the archaeo-botanical evidence from
‘Liisse’ is of a very preliminary character, revealing a charred wheat
concentration (a mixture of emmer and einkorn) accompanied by
weeds - mainly Polygonum convolvulus. The good preservation and ab-
sence of abrasion on the plant macros indicate a short-lasting deposi-
tion event. A much more diverse macro-botanical assemblage was
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Summary of Non-Pollen Palynomorphs (NPP) and micro-charcoal frequencies grouped into NPP zones.

NPP zones

Depth (cm)

Unit

Description

NPP3

NPP2

260-285

285-380

Peat & brown
clay

Tufa upper part

Maximal values of the erosion indicator Glomus (Type 207)

Maximal values of ocurrence of peat indicator scalariform perforation plate (Type 114), ocurrence also of Arcella sp. (Type 352)
High concentration of coprophilous spores indicating (Coniochaeta Type 172, Sordaria-type 55A)

Presence but low variaty of open shallow water indicators as Type 179 and Spirogyra zygospores (Type 130,131,132) with a
maximum value for one indicator (Spirogyra zygospores - Type 130,131,132)

Ocurrence of an indicator related to Human habitation (Type 351)

High concentration values of microscopical charcoal particles

High values of the erosion indicator Glomus (Type 207)

Maximal values of ocurrence of peat indicator Arcella sp. (Type 352), ocurrence also of Scalariform perforation plate (Type 114)
High diversity and concentration values of coprophilous spores (Coniochaeta Type 172, Sordaria-type 55A)

Regular occurrence and high variety of open shallow water indicator as Type 179 and also indicators for stagnant, shallow and
mesotrophic fresh waters (less than 0.5 m deep) which warms up rapidly as Zygnemataceae (Type 58) and spores of Spirogyra

(Type 130,131,132) with a continuously occurrence of the one indicator: Spirogyra zygospores (Type 130,131,132) also
maximum and only ocurrence of Zygnemataceae (Type 58)
Maximum concentration values of microscopical charcoal particles with a pronounced peak at 330 cm

NPP1 380-500 Tufa middle part

High values of the erosion indicator Glomus (Type 207)

Maximal values of ocurrence of peat indicator Arcella sp. (Type 352)., ocurrence also of Scalariform perforation plate (Type 114)
High diversity and concentration values of coprophilous spores (Sporormiella, Coniochaeta Type 172, Sordaria-type 55A)

High concentration and most variety of open shallow water indicators: Chalera-like Thalloconidia, Type 128, Type 179; and
indicator for stagnant, shallow and mesotrophic fresh waters (less than 0.5 m deep) which warms up rapidly as Zygnemataceae
(Type 58) and Spirogyra zygospores (Type 130,131,132) with a continuously occurrence of the one indicator: Spirogyra

zygospores (Type 130,131,132).

Regular concentration values of microscopical charcoal particles
Presence of the Thallaconidium which indicates wet alder carr

retrieved from the ‘Unteres Feld’ site. A possible explanation for this
greater diversity is the higher frequency of contexts (pits) from which
the archaeo-botanical finds originate. In one of the contexts, a con-
centration of nearly 200 pea seeds (Pisum sativum) was found. This crop
occurs in three more contexts, although with fewer finds. Apart from
cereals and pulses, the oil/fiber crop (Linum usitatissimum) was found.
Chenopodium seeds occur frequently and form an important component
of the seed remains from this site. The preliminary results of the an-
thracological analysis of nine samples from Liisse show the dominance
of oak (Quercus) charcoal with some hazel (Corylus), maple (Acer) and
ash (Fraxinus). At the ‘Unteres Feld’ site, there was also a dominance of
oak, with one fragment of beech (Fagus) and one from a pomaceous tree
(Maloideae) - either apple (Malus) or hawthorn (Crataegus).

5. Discussion

5.1. Early Holocene vegetation and environment of the ammer valley (core
X039)

5.1.1. Mixed oak forests with a moderate proportion of light-demanding
and open vegetation (LPAZ-AMI1: 10.6 to 10.1 ka calBP, depth
490-435 cm)

The vegetation between circa 10.6 and 10.1 ka calBP is dominated
by deciduous tree species (50-60%). Oak (Quercus), lime (Tilia), elm
(Ulmus), and ash (Fraxinus excelsior) indicate the development of tem-
perate woodland stands (Fig. 3). Light-demanding pioneer trees such as
birch (Betula) and hazel (Corylus avellana) make a sizeable contribution
(up to 25%) to the vegetation. The NAP vegetation (20-30%) consists of
a diversity of herbs, mostly Artemisia and Chenopodiaceae, which are
indicative of steppe or semi-dry open habitats (Supplementary Table 1).
The same is true for light-demanding herbs such as Plantago, Eu-
patorium, Conium and Urtica (Oberdorfer, 1962; Ellenberg et al., 1992),
which can also be associated with open habitats on alluvial or flooded
areas on the edges of a wetland. Previous palynological studies in the
regions adjacent to the study area (see Rosch, 1993) indicate that most
of the Poaceae pollen probably originated from the wetland vegetation
itself and for our site is confirmed also by the frequent presence of
Phragmites macrofossils. Furthermore, several representatives of the
Asteraceae family, such as Aster-type, Crepis-type, and Senecio-type,
could have also been part of wet and alluvial open habitats, but this

claim is difficult to confirm owing to the broad taxonomical range of
those pollen types. Open shallow water conditions are indicated by
Potamogeton and Callitriche, the latter also considered as a pioneer plant
in short-living aquatic communities subject to water table fluctuations
(Oberdorfer, 1962). In addition, the abundance of Persicaria maculosa-
type, Valeriana and Filipendula indicates open, wet meadows with high
nitrogen contents (Ellenberg et al., 1992).

Microscopical charcoal particles peak at 470 cm and 460 cm, in-
dicating palaeo-fires in the surrounding area (Fig. 4, Table 2). The
erosion indicator Glomus-Type 207 (Van Geel et al., 1989) has a low but
continuous presence in this pollen zone. Ascospores of several copro-
philous taxa, also known from rotting wood and other plant material,
such as Chaetomium (Type 7A), Coniochaeta (Type 172) and Sordaria-
type (Type 55A) show constant but low abundances (Figs. 4 and 5).
However, the coprophilous fungus Sporormiella - an indicator of the
presence of large herbivores populations in the vicinity of the sample
site (Van Geel, 1978; Van Geel et al., 1980; Van Geel et al., 2003) -
occurs only in the LPAZ-AM1 pollen zone. Open shallow water and
eutrophic indicators such as Type 128, Type 179 and Chalera-like
Thalloconidia (Van Geel, 1978; Van Geel et al., 1980; Van Geel et al.,
2003; Prager et al., 2006) occur regularly and are supported by the
pollen evidence for similar local conditions. Spirogyra zygospores (Type
130,131 and 132) are continuously present for this zone, confirming an
open stagnant water environment near the coring location (Van Geel
et al., 1983; Van Geel et al., 1989). Thallaconidium, characteristic of a
wet alder carr, reaches its highest peak at 440 cm, coinciding with the
first continuous abundance of Alnus in the pollen record, although the
pollen values still do not reach such high values as typify an alder carr
environment.

The biological wetland indicators are supported by the widespread
presence of Tufa deposits in the Ammer River Valley (Dersch, 2019).
Fig. 1 outlines the current understanding of the distribution of Tufa
deposits in the Ammer River Valley and thus an estimated extend of the
palaeo-wetland. The timing of Tufa deposition was roughly between
11.5 and 8.2 ka calBP at coring site X039 (Fig. 2), which covers pollen
zones AM1 and AM2.

In summary, AM1 suggests an oak forest habitat with hazel trees
surrounding a widespread shallow marshland with fluctuating water
levels. The date of this zone corresponds broadly to the onset of the
gradual climatic amelioration at the beginning of the Holocene in
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Fig. 5. Plate of selected Non-Pollen Palynomorphs (NPP), core X039.

Central Europe (Litt et al., 2008), when the heliophilous open vegeta-
tion of the preceding colder period was replaced by pine and birch
forests.

5.1.2. Oak forests and light demanding tree species (mostly hazel) (LPAZ-
AM2: 10.1 to 8.4 ka calBP, depth 435-295 cm)

In the period between 10.1 and 8.4 ka calBP, temperate deciduous
trees, especially hazel (Corylus avellana up to 55%) but also oak
(Quercus 40%), elm (Ulmus 35%) and lime (Tilia 15%), show much
higher abundances in comparison to the previous zone (Fig. 3). Corylus
avellana and Betula belong to light-demanding vegetation communities
(Oberdorfer, 1962; Ellenberg et al., 1992) and suggest the development
of an open woodland environment (Supplementary Table 1). However,
Corylus could also have been part of the vegetation on wetter soils
developed around the site (Theuerkauf et al., 2014). Values of Alnus
glutinosa-type (alder) now appear continuously over 5% in the pollen
record and indicate also warmer conditions as well as the development
of wetland forests. Trees such as Fraxinus excelsior, usually part of those
forests, also gradually increase in their abundances. Poaceae, indicative
for open habitats, reach values of 20-30% in the pollen record. To-
gether with the diversity of the herb types, this suggests the persistence
of some areas of open vegetation in the landscape, also probably related
with wetland habitats and their seasonal drying. The herb diversity
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includes indicators of open-habitat pioneers, such as Epilobium and
Daucus-type, Allium vineale and Carum carvi, with the last-named even
suggesting moist meadows. Cerealia-type pollen is recorded spor-
adically in this period but it cannot be considered as an indicator of
cereal cultivation (Behre, 2007) as it but rather reflects the natural
vegetation growing in wetlands (e.g., Glyceria, Beug, 2004).

In the middle part of the zone, with a macrofossil presence of
Cladium mariscus at 305 cm depth, the local wetland pollen record is
dominated by Cyperaceae, Filipendula, Valeriana and Cladium mariscus.
The last-named is an important indicator for the continuous presence of
calcareous fens during the Holocene, which most likely spread after the
early Holocene climate amelioration (Hajkova et al., 2013). Bodies of
open, standing water are indicated by the presence of Nuphar and
Nymphaea, which are also present in lake environments. Callitriche
continues to occur in the pollen record, indicative of fluctuations in the
water table. Well in accordance with this is the continuous abundance
of Urtica, which usually grows in the alluvial, inundated plains on nu-
trient-rich soils during seasonally dry conditions. Such drier conditions
are expected to have occurred more frequently during the Early Holo-
cene.

Microscopical charcoal particles concentrations (Fig. 4, Table 2)
reach maximum values at 420 cm and 330 cm. The highest peak of the
erosion indicator Glomus-Type 207 (Van Geel et al., 1989) for this
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Fig. 6. Percentage proportions of the main subsistence and ecological groups of
charred plant macro-remains from sites (A) ‘Liisse’ and (B) ‘Unteres Feld’- based
on seed/fruit remains, with chaff excluded from the calculations.

pollen zone coincides with the latter peak. Dung indicators such as
Sporormiella appear in small concentrations as well as ascospores of
Chaetomium (Type 7A), Coniochaeta (Type 172), and Sordaria-type
(Type 55A); the last-named can occur on dung but also on decaying
wood and on herbaceous stems and leaves (Fig. 5; Van Geel, 1978; Van
Geel et al.,, 1980; Van Geel et al., 2003). NPP-indicators for open
shallow water and eutrophic conditions show high diversity, as in the
previous pollen zone, with Type 128 and Type 179 reaching maximum
values at 430 cm and 390 cm, respectively. Spirogyra zygospores (Type
130,131 and 132) are continuously present in this zone, indicating the
still existing open stagnant shallow water environment near the coring
point (Van Geel et al., 1983; Van Geel et al., 1989). Type 351 is re-
corded in very low concentrations and can be considered as an indicator
of settlement activities if abundantly found (Van Geel et al., 1983; Van
Geel et al., 1989).
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The silting-up of the palaeo-wetland, which is indicated by a peat
layer topping the Tufa unit, is coeval with a gradual change from a
Corylus-dominated to a rather oak- (Quercus) dominated environment.
The transition occurred over a time period just before the 8.2 ka cold
event (Bond et al., 1997). However, a higher sample resolution and
refined age model is necessary to enable a well-constrained correlation
in this important time period.

5.1.3. Establishment of mixed oak forests (LPAZ-AM3: 8.4-7.8 ka calBP,
depth 295-260 cm)

In the period between 8.4 and 7.8 ka calBP, woodland density in-
creased and the dominant component of the arboreal pollen until 8300
calBP is oak (Quercus 50%). Moreover, the elm (Ulmus) and lime (Tilia)
show abundances between 10 and 20%. These three types of trees
would have dominated the forest areas in the catchment. Open habitats
are dominated by a diversity of herbs (Fig. 3). Furthermore, the local
vegetation shows a tendency towards wetland meadow taxa, such as
Persicaria-maculosa type, Valeriana, Urtica and Filipendula. This could be
a result of a drop in the water table or also a possible change in the
depositional environment at the coring point towards aggradation.
Microscopical charcoal concentration reach medium values and the
erosion indicator Glomus-Type 207 (Van Geel et al., 1989) reaches the
highest values of the entire record at 260 cm (Fig. 4). Ascospores of
coprophilous fungi like Chaetomium (Type 7A), Coniochaeta (Type 172)
and Sordaria-type (Type 55A) (Van Geel, 1978; Van Geel et al., 1980;
Van Geel et al., 2003) all show high concentrations, which could sug-
gests some presence of herbivores. However, the absence of more re-
liable indicators, such as Sporormiella, suggest that this signal could be
related to decaying plant material in the peat sediment. Open shallow
water and eutrophic water indicators such as Type 179 and Spirogyra
zygospores (Type 130,131 and 132) (Van Geel et al., 1983; Van Geel
et al., 1989) show a low presence and are not so diverse. Type 351,
considered an indicator for frequency of settlement activities (Van Geel
et al., 1983; Van Geel et al., 1989) also occurs in this zone.

The biological record agrees well with the sedimentological record,
which shows the formation of peat at the transition between LPAZ-AM2
and LPAZ-AM3. This transformation is indicative of a drop in the water
level confirmed by brown clay at the top of the unit, suggesting a
complete change in the hydrological regime. Therefore, we propose
that, in the Ammer River Valley, a transformation into a riverine flood-
plain started from 8.2 ka calBP onwards, with vegetation composed of
alluvial forests in the vicinity and further establishment of mixed oak
forests in the broader catchment of the coring location.

5.2. Landscape potential for the Early Holocene (10-7 ka calBP) human
subsistence strategies

The role of the plants in Mesolithic subsistence has often been ne-
glected due to their scarce visibility in the archaeological record and
methodological limitations, but also because common theoretical con-
cepts underestimate the plant component in hunter-gatherer economies
(Hather and Mason, 2002). Significant change in those paradigms came
circa 20-30 years ago (for a recent review on Central Europe, see
DiviSova and Sida, 2015). Zvelebil (1994) evaluated the finds of edible
plants from 74 northern European sites and discovered Corylus at 40
sites, and 24 sites had two common species only, Corylus and Quercus or
Trapa natans. Moreover, some concentrations of Prunus, Chenopodium,
Nuphar lutea, Nymphaea alba, Rubus idaeus, Polygonum, Crataegus,
Rumex, Filipendula, Malus, or Pyrus had also been reported. Moreover,
thanks to the development of more advanced techniques, plant storage
organs like roots, tubers and similar were recognized as food sources in
the Mesolithic context (Kubiak-Martens, 1996, 2002). Apart from being
food resources, plants as materials in the Mesolithic contexts played a
role in construction and thatching, containers, objects of art, sources of
fibers for cordage and textiles, dyeing, tanning, and medicinal and
psychoactive agents (Hather and Mason, 2002).
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In the case of southwest Germany, some of the common plant re-
mains recovered are peels of burnt hazelnut (Corylus avellana). Pollen
from Allium appears frequently in some layers in the ‘Jédgerhaus’ Cave
(Kind, 2009). Moreover, remains of seeds and fruits, as well as orache
(Atriplex patula), field cabbage (Brassica campestris), common lambs-
quarters (Chenopodium alba), knotweed (Polygonum aviculare), rasp-
berries (Rubus idaeus) and wild apple (Malus) were found in Mesolithic
sites from Siebenlinden-Rottenburg (Kieselbach et al., 2000). Oak trees
(Quercus) played an important role in the later Mesolithic, with their
acorns being an important plant-food resource for hunter-gatherers
(Mason, 2000). It seems that Mesolithic sites in southwest Germany and
in general in northern Europe had more than an opportunistic sub-
sistence strategy and the husbandry of wild plant resources should be
considered.

The Ammer River Valley palynological record can be used to eval-
uate the potential plant taxa that could have served as plant resources
for hunter-gatherer and early Neolithic communities in the region.
Following the approach of Magyari et al. (2013), we here discuss 20
taxa inferred from pollen analysis for their dietary potential, medicinal,
nutritional and other uses (Table 3). Potential plants for resources use
are classified in three categories: (1) trees, (2) terrestrial herbs, and (3)
wetland and aquatics plants. Most of the taxa were present over the
entire investigated time-frame, suggesting that past communities would
have had continuous, long-term access to those food and medicinal
resources.

5.2.1. Trees

Trees such as Scots pine (Pinus sylvestris-type), birch (Betula), hazel
(Corylus avellana), oak (Quercus) and elm (Ulmus) that were identified in
our record are a major source of fuel (firewood) and construction ma-
terial. The bark or bast of several taxa, such as birch, hazel or lime, can
be used to produce diverse receptacles. Further, many of the trees
provide edible resources. The edible parts of birch (Betula) include the
inner bark and the sap (Hedrick, 1919; Bryan and Castle, 1976). Tanaka
and Nakao (1976), with the inner bark as a part that can be cooked and
dried. It is bitter and astringent and can also be used to treat various
skin afflictions, especially eczema and psoriasis, as well as intermittent
fevers (Grieve and Leyel, 1984). The leaves have a medicinal use (raw
or cooked) and have anti-cholesterolemic and diuretic properties
(Chiej, 1984). The main use of the sap is as a drink, but it can also be
eaten raw or cooked, contributing a sweet flavour. When fermented as
beer, it is used as a diuretic (Duke, 1983; Grieve and Leyel, 1984). In
general, Betula species can be used for anti-inflammatory, cholagogue
and diaphoretic purposes (Mills, 1985; Lust, 2014). The edible parts of
the hazel (Corylus avellana) are the bark and seeds/fruits - all astringent,
diaphoretic, febrifuge, nutritive and odontalgic (Chiej, 1984). The
seeds/fruits can normally be kept in a cool place for at least twelve
months and can be eaten (either raw or roasted), converted into plant
milk or used to extract oil (Fern, 1997). Furthermore, seeds/fruits can
also be used medicinally as a stomachic and a tonic (Chopra et al.,
1956).

5.2.2. Herbs

The largest benefits from herbs can be gained from the taxa
wormwood (Artemisia), chenopods (Chenopodiaceae), common plan-
tain (Plantago major) and wild carrot (Daucus). The only edible part of
wormwood are the leaves. They can be cooked or eaten raw and are
bitter but aromatic and are used to colour and flavour sides (Fern, 1997;
Magyari et al., 2013). In general, all parts of wormwood can be used as
medicines, as they are anthelmintic, antiseptic, antispasmodic, carmi-
native, cholagogic, diaphoretic, digestive, emmenagogic, expectorant,
nervine, purgative and stimulant (Fern, 1997; Lust, 2014). The edible
parts of the Chenopods (Chenopodiaceae) are flowers, leaves and seeds.
The seeds are a moderate source of carbohydrates and proteins but also
contribute minerals and vitamins (Pachauri et al., 2017). These seeds
can be roasted or eaten raw, as well as being pounded to make flour.
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The leaves can be eaten raw in salads (Kunkel, 1984). Chenopodiaceae
have several medicinal properties, being anthelmintic, antiphlogistic,
antirheumatic, laxative and odontalgic (Fern, 1997).

Common plantain (Plantago major) is an herb whose leaves, roots
and seeds are edible. Young leaves can be eaten raw or cooked and have
high vitamin concentrations (Table 3; Elias and Dykeman, 2009;
Mabey, 2012). The seeds, which are very rich in vitamin B1, can be
eaten raw or cooked, and they can also be pounded to make flour
(Facciola, 1990). From the medicinal point of view, leaves of Plantago
major are astringent, demulcent, deobstruent, depurative, diuretic, ex-
pectorant, haemostatic and refrigerant (Fern, 1997; Lust, 2014). The
edible parts of wild carrot (Daucus) are the roots. They are rich in
carbohydrates and vitamins and are eaten either cooked or as ground
into a powder (Fern, 1997). The whole plant is of medical use, as it is
anthelmintic, carminative, diuretic, galactagogic, ophthalmic and a
stimulant (Chiej, 1984; Lust, 2014).

5.2.3. Wetland and aquatics

The main potential resources of wetland and aquatics plants in the
Ammer palaeo-wetland palynological record are yellow waterlily
(Nuphar lutea), reedmace (Typha latifolia) and stinging nettles (Urtica).
The edible parts of yellow waterlily are the leaves, seeds, flowers and
roots. The leaves and leaf stalks are eaten cooked (Kunkel, 1984;
Facciola, 1990). Seeds are consumed cooked and they can also be
pounded to make flour (Coffey, 1993). The seeds are normally eaten dry
(Facciola, 1990; Coffey, 1993), while the flowers can be consumed as a
drink (Hedrick, 1919; Facciola, 1990). Medicinal uses include ana-
phrodisiac, anodyne, antiscrofulatic, astringent, cardiotonic, demulcent
and sedative.

The edible parts of reedmace (Typha latifolia) comprise the leaves,
stem, seeds, pollen and roots. The roots, raw or cooked, are eaten like
potatoes. When macerated and then boiled, a sweet syrup is produced
(Loewenfeld et al., 1980). When the roots are dried and pounded, they
can serve as a protein-rich powder (Elias and Dykeman, 2009). Fol-
lowing Harrington and Matsumura (1967), 1 ha of reedmace can pro-
duce eight tons of rootstock flour with 80% carbohydrate (30-46%
starch) and 6-8% protein. Medicinal uses of the roots are diuretic, ga-
lactagogic, refrigerant and tonic (Duke, 1983), but the roots can be used
as poultices to wounds, cuts, boils, sores, carbuncles, inflammations,
burns and scalds (Moerman, 1998). The stem and the leaves can be
eaten raw or cooked (Launert, 1981). The pollen can be used as a
protein-rich additive to flour for baking, or eaten raw or cooked to-
gether with the young flowers (Harrington and Matsumura, 1967).
From the medicinal viewpoint, they are astringent, diuretic, emmena-
gogic, haemostatic, refrigerant, sedative, suppurative and vulnerary
(Bown, 1995).

Stinging nettle (Urtica) leaves are very high in minerals (particularly
iron) and vitamins (especially A and C) and are eaten usually cooked
and used as a pot-herb (Bown, 1995; Fern, 1997). Old leaves can be
laxative (Mabey, 2012). Tea can be made from the leaves, while
chlorophyll can also be extracted and used as a colouring agent. Nettle
beer is brewed from the young shoots (Bown, 1995). Chevallier (1996)
observed that the whole plant has remarkable medicinal benefits, in-
cluding anti-asthmatic, antidandruff, astringent, depurative, diuretic,
galactagogic, haemostatic, hypoglycaemic and a stimulating tonic.

5.3. Land use and subsistence during neolithization

The pollen record of core X039 ends at 7.8 ka calBP (5.8 ka calBC).
Therefore, in order to provide information on environment, land-use
and subsistence during the Neolithization for the time beyond this limit,
we turn to evidence from on-site bioarchaeological studies. The abun-
dant crop remains at the excavated sites ‘Liisse’ and ‘Unteres Feld’ show
a subsistence reliance on hulled wheats (mostly emmer and einkorn)
and pulses (like pea and lentil), which is typical for the LBK (Fig. 6).
The most common archaeo-botanical finds at both sites are glume bases
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of hulled wheats, as well as seeds of potential field weeds. Charred
glume bases, weed seeds and occasional grains are regular occurrences
at LBK sites (Kreuz and Marinova, 2017), most probably a result of
sweeping debris from the late stages of processing into domestic hearths
(Bogaard, 2011). There are a few examples of gathered fruits like
raspberries or blackberries (Rubus caesius/idaeus) or wild apple (Malus)
in the archaeobotanical assemblages from ‘Unteres Feld’ (phase AV 2)
and later in the samples from “Liisse (phase AV 3). Numerous recent
studies have shown that early agricultural societies also relied on a
variety of wild plant resources and the gathering of wild plants still
played an important role at the onset of Neolithic (for review see
Antolin et al., 2016). However, to trace and ‘prove’ the exploitation of
wild plant resources using archaeo-botanical methods is not always
easy.

Apart from gathered fruits, certain wild herbs could have played an
important role in the diet of prehistoric populations in Europe (Kubiak-
Martens, 2002). Of interest are the high proportions of Chenopodium
album (Liisse: 8%; Unteres Feld: 25%: see Fig. 6) and Polygonum con-
volvulus (Liisse: 9%; Unteres Feld: 7%). Both are usually interpreted as
weed and ruderal plants, but are also known to be gathered and used as
human food in prehistoric and more recent times (Behre, 2008). The
high proportion of Chenopodium seeds at both sites points to its im-
portance for food and medicine at these sites. A recent study from
Central Poland proved the significance of fat-hen (Chenopodium album-
type) in the earliest phases of the Neolithic occupation (AV 2 and 3,
Fig. 2), which seems to decline in later periods and suggest intensive
use of local open areas - probably fertile alluvia (Mueller-Bieniek et al.,
2018). The location of the sites ‘Liisse’ and ‘Unteres Feld’ as marginal to
the main core of LBK settlement are to some extent similar to the Polish
sites. Furthermore, the natural setting of the Ammer River Valley sug-
gests that the use of such locally available wild plant resources may
have involved contacts with Mesolithic hunter-gatherers. We may be
dealing with signs of an early cultivation of Chenopodium (Nesbitt,
2005) — a practice that was later abandoned. By contrast, the seeds of
Polygonum convolvulus may have been collected as a by-product during
cleaning of domestic cereals, with its consumption prompting sec-
ondary cultivation (Behre, 2008).

The preliminary wood charcoal analysis revealed a strong dom-
inance of oak, mostly with larger-diameter fragments. This could reflect
construction wood, but also the good availability of woodland re-
sources. Some of the rarely-found wild plants such as Malus could be
considered as a gathered resource also potentially used for construction,
as in the charcoal fragment of pomaceous wood. However, it seems too
early to draw conclusions about the nature of the Maloideae wood
anatomical type, which cannot be further distinguished. However, the
wood of light-demanding fruit trees is a constant component of the
charcoal assemblages from LBK sites. The occurrence of fruit trees and
species appropriate for use as leafy hay points to the development of
hedge-like habitats as part of Neolithic land-use (Kreuz, 1990). The low
incidence of Fagus fragment is not yet interpreted as showing the pre-
sence of beech in the area, since we still have to take into account in-
trusions from younger material.

6. Summary and conclusion

The study aimed at providing insights into the Early Holocene pa-
laeo-environment of the Ammer River Valley - part of a broader region
that attracted hunter-gatherers from the Mesolithic and, later, early
agricultural settlers from the LBK culture. Emphasis was put on the
integration of on-and off-site environmental records to evaluate the
potential of the study area for subsistence strategies during these two
archaeological periods. For this purpose, we analysed a sediment core
from the 3 km? large palaeo-wetland (Ammer palaeo-mire) in the im-
mediate vicinity of the excavation site ‘Liisse’ and ‘Unteres Feld’ for
pollen and non-pollen palynomorphs for the time between 10.6 and 7.8
ka calBP (~9.6-5.8 ka calBP). Due to the gradual transformation of the
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palaeo-wetland into a flood-plain after 8.2 ka calBP, the off-site record
stops at ca. 7850 calBP. On-site investigations at “Unteres Feld” and
“Liisse” were used to complement the earlier record with insights into
available plant resources for (6210-6160 BP/modelled 5204-5135
calBC) and AV 3 (6195-6155 BP/modelled 5123-5059 calBC), respec-
tively. From 10.6 to 10.1 ka calBP open oak forests developed around
the palaeo-wetland, with a still high proportion of hazel and a diversity
of herbs (Artemisia, Chenopodiaceae, Asteraceae). Between 10.1 and 8.2
ka calBP, vegetation around the palaeo-wetland was dominated by
hazel (Corylus avellana), while the mixed oak forests (Quercus, Ulmus,
Tilia) continue their establishment. From 8.2 to 7.8 ka calBP, the pa-
laeo-wetland turned into a riverine floodplain, coeval with a noticeable
spread of mixed oak forest. Subsistence resources could be collected
from a mixture of trees (birch, hazel), herbs (e.g., wormwood, cheno-
pods, common plantain and wild carrot) and wetland taxa (e.g., yellow
waterlily, reedmace and stinging nettles). The bioarchaeological evi-
dence from the LBK sites suggest that oak was dominant in the region.
Food production relied mostly on emmer and einkorn as well as pea and
lentils - some of the main introduced crops typical for the LBK farming.
Fruits like raspberries, blackberries and wild apples seem to have been
gathered as well as grown wild and may reflect adaptation to the local
environment, including contacts with Mesolithic hunter-gatherers. The
most prominent examples for subsistence strategies are high con-
centrations of Chenopodium, which may reflect gathering the plant from
the alluvial wetlands near the sites. The gap of several hundred years
between the latest level of the sediment core X039 and the start of on-
site records does not yet allow us to determine the extent and nature of
human influence on the local vegetation during the arrival of LBK
groups. Future reconstructions of the environmental changes during the
Early and Mid-Holocene will rely on palynological investigations at a
higher resolution. Also, the investigation of the upper levels of a sedi-
ment core from the centre - and therefore deeper parts - of the palaeo-
wetland is expected to have recorded the time interval of the onset and
termination of the LBK culture in the Ammer River Valley.
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