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Abstract:

Wiirmian, coarse-grained meltwater deposits were studied in more than 70
gravel pits of SW-Germany. The enormous heterogeneity and complexity of
sedimentary architecture of gravel bodies and its distribution within the Rhine
glacier area and its discharge zones required the use of various sedimentolo-
gical, stratigraphic, geophysical and hydrological methods.

In order to understand the processes of formation of these glacial deposits
the principles of ‘Dynamic Stratigraphy’ were applied. Stratigraphic units were
classified into a hierarchy of temporal and spatial scales (1. particles; 2. strata;
3. depositional elements; 4. facies bodies; 5. sequences; 6. basin fills). Their
genesis and geophysical record but also their relevance for hydrogeology is
discussed.

A particular focus is placed on the qualitative and quantitative charac-
terization of fluvial gravel-bed deposits which represent important groundwater
storages in many valley fills in Europe. The translation of sedimentary units
into hydrogeological properties (lithofacies - hydrofacies; depositional elements
- correlation structures; gravel body architectures - heterogeneity patterns)
provided important fluid-flow parameters. Detailed outcrop-wall maps were
digitalized and transformed into 2-dimensional permeability fields. The
numerical simulations show how sedimentary architectures determine the flow-
paths and flow-velocity of groundwater.

Additionally, 3-D georadar surveys were carried out in order to calibrate
and characterize fluvial gravel deposits. The method resolves a detailed
structural image of the spatial subsurface architecture and allows the recogni-
tion of the different gravel bodies. Quantified geometrical data from both
braided river deposits and meandering river deposits are documented.

Various meltwater-controlled facies bodies were formed during an overall
ice-retreat of the Wiirmian Rhine glacier. Due to a combination of outcrop
analysis, georadar measurements and modern topography investigations (digital
elevation models) several depositional environments could have been recon-
structed. A summary of lithofacies types, stratal organizations and deformation
structures is documented.



Kurzfassung:

Wiirmezeitliche, grobklastische Schmelzwasserablagerungen wurden in mehr
als 70 Kiesgruben in SW-Deutschland untersucht. Um die Bildungsprozesse
zuverstehen, wurde die Methodik der ,Dynamischen Stratigraphie’ angewandt.
Sedimentére Einheiten werden dabei in eine Hierarchie zeitlicher und raum-
licher GroBenmalBstdbe eingeordnet (1. Partikel, 2. Schichtung, 3. Ablagerungs-
Elemente, 4. Fazies-Korper, 5. Sequenzen, 6. Beckenfiillungen). Neben ihrer
Genese und ihrer geophysikalischen Erfassung wird auch die jeweilige Bedeu-
tung fiir die Hydrogeologie diskutiert.

Ein Schwerpunkt dieser Arbeit liegt auf der Charakterisierung von
fluviatilen Kiesablagerungen. Proglaziale ,braided river’-Ablagerungen unter-
scheiden sich anhand der Ausbildung und Haufigkeit von Lithofaziestypen und
Ablagerungs-Elementen sowie ihres sedimentiren Stapelungsmusters. Die
Ubersetzung der Grundtypen von Kieskdrpern in hydrogeologische Hetero-
genititen (Lithofazies - Hydrofazies, Ablagerungs-Elemente — Korrelations-
strukturen, Kieskorperarchitektur — Heterogenitdtsmuster) lieferte wichtige
Parameter zur Ermittlung des FlieBverhaltens von Grundwasser. Resultate
numerischer Aufschlussmodellierungen zeigen deutlich, wie die sedimentére
Genese sowohl die FlieBpfade als auch die FlieSgeschwindigkeit bestimmen.

Zusitzlich wurden 3-D Georadar Messungen durchgefiihrt. Die Methode
liefert ein genaues strukturelles Bild der Architektur des Untergrundes. Die
Reflektionen kdnnen besonders hinsichtlich der Ablagerungs-Elemente inter-
pretiert und dadurch die Kieskorpertypen unterschieden werden. Es werden
quantifizierte geometrische Daten sowohl von ,braided river’- Ablagerungen
als auch von ,meandering river’- Ablagerungen dokumentiert.

Vielfdltige schmelzwasser-kontrollierte Fazieskorper sind wihrend des
Zerfalls und Riickzugs des wiirmzeitlichen Rheingletschers entstanden. Mittels
Aufschlussanalysen, Georadarmessungen und der Landschaftsmorphologie
(digitale Hohenmodelle) konnten verschiedene Ablagerungsmilieus rekon-
struiert werden. Dokumentiert werden Lithofaziestypen, Schichtungsmuster
und Deformationsstrukturen.
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1. General introduction

During the Wirmian glaciation gravel depositswere
formed in different sedimentary environmentswithin
the Rhine glacier area and its discharge zonesin the
Alpine Foreland.

Today these gravel bodies represent important
resources for both groundwater storage and raw ma-
terials. The lasting high demand of gravel and sand
material in the building industry but particularly the
need of clean, uncontaminated water requiresacom-
prehensive understanding of the genesis, construc-
tion and distribution of these sediments.

Thus the new field of aquifer-sedimentology
arised in the last few years (Aigner, 1995; Huggen-
berger & Aigner, 1999). Prediction of aquifer het-
erogeneity in different scales is needed for various
hydrogeol ogical problems (* dynamic stratigraphy’).
A multidisciplinary approach is demanded in order
to interpret the dynamic character of groundwater
systems.

This thesis is embeded into a project (SFB 275,
TP C3) which focusses on the quantified characteri-
zation of gravel bodies. Outcrop analogue- and sub-
surface- studies are used to assess sedimentological,
hydrogeological and geophysical information. The
data provide input parameters for the simulation of
fluid flow and contaminated transport in ‘real’ aqui-
fers.

Together with geomorphological data (digital el-
evation models) the present work aimsto achieve a
qualitative and quantitative characterization of gravel
depositsin SW-Germany.

Because of therelatively large area of investiga:
tion, the variety of methods as well as the different
tasks and applications this thesisis organized into 5
major chapters. Each chapter can beread onitsown
and in each a detailed introduction and abstract to
the specific study is given.

Chapter 2 (Dynamic stratigraphy in glacial de-
posits. concept, examples and application to aquifer
sedimentology) introducesthe approach of ‘ dynamic
stratigraphy’ which represent the red thread trough
the whole study. Key points and results from all the
following chapters are compiled here. In order to un-
derstand the genetic processes of formation, glacial
deposits are systematically classified into a hierar-
chy of spatial and temporal scales (particle-, strata,
depositional element-, facies body-, sequence- and
basin fill- scale). Inthischapter, theinfluence of each
scaleto the hydrogeol ogical propertiesof aguifersis

shown. For a sufficient characterization the need of
different investigation toolsis emphasized.

Chapter 3 (Characterization of proglacial fluvial
gravel bodies: Heterogeneity pattern and application
to hydrogeol ogy) focuses on the sedimentary archi-
tecture of braided river deposits. In this study, out-
crop analogues of glaciofluvial gravel-bed deposits
are used for a process-based analysis of sedimentary
heterogeneities which in turn are transformed into
hydraulic parameters. Comparison of numerous
gravel pitsin SW-Germany revealed three major ar-
chitectural patterns of glaciofluvial gravel bodies
which can statistically be distinguished by the pres-
ervation of depositional elements as well asthe fre-
guency of lithofacies. Outcrop wall maps and labo-
ratory hydraulic property measurements of refined
hydrofacies were combined and transformed in a
numerical model for groundwater flow and transport.
The modeling illustrates that the styles of heteroge-
neity of gravel bodies have distinguishable hydraulic
response characteristics.

Inchapter 4 (Using 3-D georadar surveysto char-
acterizeglaciofluvial gravel bodies: Subsurface- and
calibration- studies of braided river deposits) closely
spaced georadar profiles are used for a 3-D charac-
terization and comparison of the different sedimen-
tary architectures of proglacial gravel bodies. 3-D
georadar datasets have been acquired in active gravel
pitsin order to calibrate the radar profiles with out-
crop walls and to analyse, in 3 dimensions, the
depositional elements and their stacking pattern in
the subsurface. Radar facies and radar sequence
boundaries are used to define and map depositional
elements. Particularly due to their size and propor-
tion it was possible to distinguish the three regional
architecture styles of gravel bodies, asestablished in
chapter 3.

Inchapter 5 (Using 3-D georadar surveysto char-
acterize glaciofluvial gravel bodies. subsurface- and
aguifer- studies of meandering river deposits) two
examples of coarse-grained meandering river depos-
itsfrom valley-fillsin SW-Germany (Neckar valley,
Danube valley) are discussed using 3-D georadar
surveys. They differ both in their structural inven-
tory aswell asin the preservation of depositional €-
ements. The 3-D georadar information enables the
reconstruction of the the paleo-fluvial style and the
depositional history without outcrop data. Addition-
aly, the georadar images illuminate the heterogene-
ity of the subsurface resulting in an appraisal of ag-
uifer behaviour and prediction of local groundwater
flow.
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In chapter 6 (Characterization of glacial gravel
bodies: outcrop analysis, morphology and georadar
surveys) meltwater-controlled facies bodies are docu-
mented which have been investigated insidethe area
of the last maximal ice-extension of the Rhine gla-
cier in SW-Germany. Lithofacies types and their
stratal organization and stacking pattern were ana-
lysedin activegravel pitsindicating both depositional
processes and postdepositional deformation struc-
tures. The internal sedimentary architecture is com-
bined with external geomorphological features de-
rived from digital elevation models of the area. Four
major glacial environments of meltwater depositsare
deducted (delta and kames delta-, supraglacial-,
englacial- and subglacial- environments). Again
georadar surveys have been carried out within out-
cropsand nearby areas. Theresultsclearly reflect the
complex structural architecture of glacial gravel bod-
ies.
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2. Dynamic stratigraphy in glacial
deposits: concept, examples and
application to aquifer sedimentology

2.1 Chapter abstract

The approach of ‘dynamic stratigraphy’ aimsto un-
derstand the genetic processesthat form stratigraphic
unitsin ahierarchy of spatial and temporal scales. A
systematic process-based investigationin glacial de-
posits was carried out in order to characterize the
construction and distribution of stratigraphic unitsin
terms of their sedimentology, but also in terms of
their geophysical and hydrological characteristics. On
thefollowing scales anewly established database of
sedimentary heterogeneitiesis documented:

1) particles and pores. (micro scale) reflecting
depositional and diagenetic fluid dynamicsaswell
assource material behaviour (e.g. grainsize, round-
ness, lithological composition); this may be im-
portant for the hydrogeochemistry of groundwater
in glacial aquifers (e.g. higher sorption capacity
of organic pollutantsat C-richlimestone particles).

2) strata: (meso scale) contains the recognition of
sorting, fabric, texture and stratinomic features
whichindicatetransport and depositional dynam-
ics; the resultant lithofacies types determine ba-
sic hydraulic units, called hydrofacies.

3) depositional elements. (macro scale) enablere-
construction of sedimentary/geomorphic elements
and their dynamics within a depositional system
(e.g. gravel-bed braided river system are domi-
nated by gravel sheet-, gravel dunes- and scour
pool- depositional elements); the architecture of
depositional elements influences the hydraulic
connectivity and local permeability structure/dis-
tribution within an aquifer body.

4) facies-bodies. (megascale) composed of astack
of depositional elementsand stratarecording dis-
tinct environmental systems and their dynamics
(e.g. a coarse-grained prograding delta system);
faciesbodiesrepresent major compartmentsof an
aquifer.

5) genetic sequences: (megascale) reflect the shifts
of depositional environments caused by allocyclic
changes (e.g. glacial advancerecorded by acoars-
ening upward sequence); these sequences form
separate aquifer storeys.

6) basinfill: (gigascale) comprising the lateral and
vertical stacking of facies-bodies and genetic se-

guences controlled by (long-term) glacier dynam-
ics; this level builds the larger-scale hydro-
stratigraphy.

Outcrop and core data remain crucia for sedi-
mentological investigations, but particularly applica-
tionsto groundwater- and raw material resourcesre-
quirethe use of geophysical tools (e.g. georadar, seis-
mic).

2.2 Introduction

Glacial deposits are commonly characterized by an
extreme degree of vertical and lateral heterogeneity.
These heterogeneities occur on various spatial and
temporal scales and are formed due to a variability
of materia-composition (with distinct material - prop-
erties) and its geometrical and 3-dimensional distri-
bution. Both material-compasition and distribution
are controlled by sedimentary processes. The result-
ant heterogeneities have implication for applied
sedimentol ogy: notably for the exploration of gravel-
and sand deposits and for the properties of ground-
water aquifers, which are commonly formed by Qua-
ternary sediments. Their sedimentary patterns deter-
mine the hydraulic conductivity which controls the
migration and storage of fluids and are thus impor-
tant parameter for the prediction, protection and clean-
up of groundwater resources.

In order to improve the prediction of these
heterogeneities a better understanding of sedimen-
tary processesand their controlling factorsis needed.
Therefore, asimple, but systematically process-based
analysis of glacial deposits is proposed addressing
the various scales of heterogeneitiesin arigorously
hierarchical manner (Fig. 2.1).

Glacial deposits have along history of study and
an enormousliterature describes depositional systems
indifferent settingsaccording to glacier-position (e.g.
sub-, en-, supraglacial, ice-marginal). Major reviews
aregiven by Menzies (1995, 1996) and Brodzikowski
& Van Loon (1991).

The purpose of this chapter isthree-fold:

1. asystematic analysisof glacial depositsinahier-
archical way covering the different spatial and
temporal scalesin order to deduce the sedimen-
tary processes of their formation on each level.
Thisapproach attemptstointegrate the commonly
used lithofacies concept (Miall, 1978; Eylesetal.,
1983; Keller, 1996), consideration of facies pres-
ervation (Siegenthaler & Huggenberger, 1993), the
concept of architectural elements (Mial, 1985)
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® Basin Fill

Dynamic Stratigraphy +
AQUIFER HETEROGENEITIES

Glacial Deposits

=>» basin dynamics
=>» HYDROSTRATIGRAPHY

M Particles ® Sequences

=» basic transport process
=» HYDROGEOCHEMISTRY

@ Strata

=» glacial dynamics
=» AQUIFER STOREYS

@ Facies Bodies

=» depositional dynamics
=» HYDROFA CIES

(©) Depositional Elements

W =» envir. system dynamics <
=> AQUIFER COMPARTMENTS, 6’0

=» geomorphic dynamics [7)

=>» HYDRAULIC CONNECTIVITY 0‘

Fig. 2.1: Concept of *dynamic stratigraphy’ asapplied to the characterization of glacial deposits. The hierarchy of spatial
and temporal scalesissystematically studied in aprocess-based analysis; each scale hasimplicationsfor the heterogene-
ity in hydrogeological properties. Note that different investigation tools are necessary for each scale (modified after

Aigner et a. 1999).

and large-scal e sequence-stratigraphic considera-
tions (e.g. Johnson & Hansel, 1989; Oviatt et al.,
1994; Martini & Brookfield, 1995; Brookfield &
Martini, 1999) as well as seismostratigraphic in-
vegtigations (Eyleset al., 1991; Boyceet al., 1995;
Pugin et al., 1996, 1999; Lanz et al., 1996; Lysa
& Vorren, 1997; van Rensbergen et al., 1999).

2. toillustratethisapproach of ‘ dynamic stratigraphy’
by examples from the Rhine glacier areain SW-
Germany (Fig. 2.2) with a focus on the facies-
analysis of meltwater deposits. 62 glacial and
periglacial gravel pits represent the major data-
basefor thisstudy. In addition geophysical results
are presented emphasizing the need of geophysi-
cal techniques for 3-D characterization of these
deposits.

3. asthe various scales of heterogeneity affect and
control the subsurface permeability distribution,

their impact for aquifer characterization (seea so
Koltermann & Gorelick, 1996a) isemphasized and
qualitative dataon geometriesand hydraulic prop-
erties of rock units are presented.

2.3 Resaults

2.3.1 Analysisof particles: basic transport
processes and hydrogeochemistry

The analysis of individual sedimentary particles re-
fersto the petrography of the components, their size,
roundness and sphericity as well as the recognition
of their surface features. These analyses are carried
out in a standard way in order to derive the source
area (provenance study) of the sediments which of-
ten change with time, and to roughly estimate mode
and duration/length of transport (e.g. striated com-
ponentsindicateice-transport).
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8'E

9'E

® field sites

49' N

Strasbourg

Freiburg
48' N

20 30 40km
! ! !

Neckar River

Stuttgart &

B Zirich

Tlbingen

Fig. 2.2: L ocation map showing the position of the studied sites (mainly gravel pits) according to thelast maximum ice-
extension of the SW-German Rhine glacier. The investigated deposits mainly have been formed during the Wiirmian

glaciation.

In addition, however, the source material shows
very different physical and chemical characteristics.
While for instance the sorption of heavy metals is
conditioned by the specific surface area (SA) of the
lithocomponents, Kleineidam (1999a,b) demon-
strated that sorption and desorption behaviour of or-
ganic pollutants is mainly determined by the intra-
particle distribution of organic material (Table 2.1).

Hence dark limestone particles with an ¢, amount
of 0.8 mg/g show a 1000 - time higher sorption ca-
pacity then quartz material (cOrg =0.04 mg/g). To as-
sesstheretardation of organic pollutants- critical for
clean up efficiency of contaminated groundwater -
within e.g. gravely aquifersit is important to quan-
tify the portion of occuring petrography caused by
the source of origin.
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Lithology CaCoOs [%]  Corg-content [mg log Ky[L kg™ specific
* [C,=1ugL']  surface-area
SA[m g’
Dark-coloured 68 +77 0.80 £ 0.06 3.96 £0.02 0.79
limestone
Dark-coloured 33 +40 0.81+0.14 3.27 £0.03 219
sandstones
Light-coloured 75 +18 0.24+0.04 2.08 £0.03 184
limestone
Light-coloured 39 +77 0.29+0.08 1.86 £0.07 3.28
sandstone
Quartz / feldspar 14+07 0.04 £0.01 1.05 +027 0.092
minerals
Igneous/metamorphic 4015 0.07 £0.01 -0.07 £0.46 0.78
rocks
Coals <05 400 + 0.20 4.30 +0.04 759

Tab. 2.1: Summary of selected physical and chemical parametersof lithocomponentsfrom thesite Singen (after Kleineidam
1999a,b). Content of organic matter (Corg) significantly control the sorption capacity [log k | of hydrophobic contami-
nants. The (grain size - conditioned) specific surface area [SA] is an important property for sorption of e.g. heavy
minerals.

A)
indices/ features abbreviation
. L. b boulder
1] grain-size ¢ cobbles
s sand
f fines (silt/clay)
G Gravel
Ii  |grain-size S Sand
F Fines (silt/clay)
. ¢ clast-supported
I |texture m matrix-supported
X stratified
iy |stratification m massive (no bedding)
g graded (normal, inverse)
. . i imbrication
i, |additional a alternation: e.g. 0 = open framework, b = bimodal
information h horizontally stratified
p planar stratified
t trough cross-stratified
B)
lithofacies hydrofacies K; [m/s] K; [m/s] porosity [-]
experiment calculated experiment
bGem 47-10°¢ 0.08
(c,b) Gcm,i< "
cGem 23-10™*¢ 0.15
Gem Gem 2.510™*2.1-10* 33-10%+33.10%¢ 0.17+0.07
sGem 6.110°+5.9-10° 7.1-10°+22 10°¢ 0.13+0.04
fGem 1.6-10°41.1 10° 13-10°+£3210°¢ 0.15+0.02
Gex Gex 2.310%7.510° 35.10%+17 10%¢ 0.18+0.03
cGeg,0 3.10°¢ 026+0.02
Geg,a Geg,o0 4.810'+2.6:107 20-10"+18 -10"¢ 026+0.02
sGeg,o 95-107+6.5-10° ¢ 023
Gemyb 6.1-10°+1.8.10* 28:10°+28.10°¢ 0.20+0.08
GS-x GSx 2.3-10°+4.5.10° 52:10%+24 10%¢ 027+0.07
Sx S-x 1.410™45.0-10° 13-107+15-10*¢ 0.36+0.04

Tab. 2.2: A) Facies-code (after Keller 1996, modified and extended) used for the description of lithofaciesand hydrofacies
influvia gravel-bed deposits, B) summary of measured and cal culated hydraulic properties (conductivity, porosity) for
therefined hydrofaciestypesappearingin fluvial gravel-bed deposits (after Kleineidam, 1998, modified and extended).
! calculated based on (K, = K, (Gem; Sand) (1-V (UB))), 2 hased on empirical equation according to Panda and Lake, ®
based on K ozeny-Carman equation, 4 based on empirical equation according to Beyer.
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2.3.2 Analysis of strata: depositional dynamics
and hydrofacies

Stratinomic analysi s records the orientation of com-
ponents (fabric), their grading and sorting, texture
and stratification. Commonly, the lithof acies-concept
(Miall, 1978; Keller, 1996) is applied which proved
auseful tool to describe and classify these stratinomic
featureswith astandardized code. However, this cod-
ing system has to be extended in order to include
hydraulic aspects(Table 2.2 A) (seea so chapter 3.4).

For glaciofluvial gravel-bed deposits Fig. 2.3
shows a schematic classification of the 5 major
lithofacies typesrelating to (relative) current energy
and rate of sedimentation aswell asto transport and
depositiona processes. The composition of the source
material fundamentally determines the resulting
lithofacies. In the case of the Rhine glacier, atypical
alpine and proximal grain size spectrum is present.
The major lithofacies types are all clast-supported
and show a dominance of the gravel-fraction (70-
85%) whereas the sandy matrix portion is often less
then 30%.

Beside recording genetic processes, lithofacies
typesa so affect hydraulic properties. Bierkens (1996)
and Anderson (1989) showed that sedimentary prop-
erties (grainsize distribution, texture, fabric) can di-
rectly be connected to hydraulic properties such as
hydraulic conductivity and porosity. The term
‘hydrofacies’ wasthusintroduced for relatively homo-
geneous but anisotropic unitsthat are hydrogeol ogi-
cally meaningful (Poeter and Gaylord 1990). These
properties have been measured either in the field
(pneumatic tests, e.g. Klingbeil, 1999) or in the labo-
ratory (column tests, e.g. Jussel et al, 1994;
Kleineidam, 1998) or can theoretically be calcul ated
based on grainsize distribution (Kozeny, 1927; Car-
man, 1938; Beyer, 1964).

The 5 lithofacies types of the fluvial gravel-bed
deposits have been subdivided into 14 different
hydrofacies(Table2.2 B). Thehydrofaciestypeshave
an enormous range of conductivity over several or-
ders of magnitudes (kf = 1m/s for open-work grav-
els, kf = 10e-7 for massive and matrix-rich (silty)
gravels). This means that distribution of lithofacies
types significantly determines the value of conduc-
tivity and itsdistribution in porous aquifers(Fig. 2.4).
It is essential to know these properties because
groundwater flow can be focused to highly perme-
able and connected zones (e.g. open framework grav-
els) and hydrogeol ogists often haveto deal with pref-
erential flow paths within aquifers (Fogg, 1990;

Poeter & Townsend, 1994; Anderson et al., 1999).
A more detailed account on the hydraulic properties
of various lithofacies types is found in chapter 3.4
and Kleineidam (1998).

2.3.3 Analysisof depositional elements:
geomor phic dynamics and hydraulic
connectivity

Outcrop studies showed that the various lithofacies
types are organized in 2- and 3- dimensional
macroscale sedimentary bodies. Miall (1985) intro-
duced the concept of architectural elements showing
that former geomorphic unitsof afluvial system (e.g.
channel, levee, crevasse, floodplain) are preserved
inthe geological record as bodieswith distinct shape,
bounding surfacesand internal structureand alsowith
characteristic petrophysical behaviour. Architectural
element analysisin 3 dimensions enable the correct
reconstruction of paleo-fluvia systems(e.g. Brierley,
1996).

The gravel-bed deposits of the Rhine glacier area
have been interpreted as ‘in channel’ sediments and
no floodplain strata could be observed (Fig. 2.5).
According to Siegenthaler & Huggenberger (1993)
theterm ‘ depositional elements’ isused herein order
to describe these characteristical macroform bodies
(Jackson, 1975). Two groups of elements were rec-
ognized within the glaciofluvial deposits (Heinz &
Aigner, 1999):

a) ‘cut-and fill’ elements show a distinct erosional
lower bounding surface and arefilled mainly with
concave upward dipping beds. These forms are
either interpreted as channel-based scour pool fills
(Siegenthaler & Huggenberger, 1993) or assmall
trough elements on unit bars (Bluck, 1979).

b) ‘accretionary’ elements are characterized by an
aggradational and progradational macroform
growing on aflat lower bounding surface. Exam-
ples of this group are massive beds of traction
carpets, stacking of diffuse gravel-sheets and
cross-stratified gravel duneswhich areinterpreted
asin-channel accumulations (seea so chapter 3.5).

Dueto thedistinct position withinthefluvial sys-
tem (channel basis, scour pool) aswell asthedistinct
flow energy and sediment load during their forma-
tion, depositional elements are not only character-
ized by their shape and size but also by their charac-
teristic make-up by distinct lithofacies types.
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(cGem,(i), bGem, (i)

cobble and boulder-rich gravel

(Geg,a)

alternating gravel

current energy

ill-sorted gravel
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Fig. 2.3: Classification of thefivelithofaciestypesappearing in glaciofluvia gravel-bed depositsin SW-Germany. These
are here interpreted as the result of transport- and depositional processes controlled by current energy and sediment
charge. At relatively low rate of discharge, sand and gravels are transported as single bedload-particlesresulting in the
lithofaciestypes ‘ pure sands' (S-x) and ‘well sorted gravels (GS-x). At higher flow magnitudes gravel- to sand- mix-
tures with large clasts are transported as low-density bedload sheets (Gem) or high-density traction carpets (cGem).
Sorting processes devel op due to negative steps and turbul ence mechanism and lead to the formation of lithofaciestype
‘Geg,a . Arrowsindicate possibletransitional lithofaciestypes.
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Fig. 2.4: Duetotheir characteristic textural make up, lithofacies control hydraulic conductivity. For transformation into
hydrofacies types, the broad lithofacies types need to be further subdivided (see Tab. 2.2 B). Note, for instance, that
lithofaciestype' Geg,a (alternating gravel) embodies hydraulic conductivitieswithin arange of 7 orders of magnitude.



10

2. Dynamic stratigraphy in glacial deposits

Comparing deposits of paleo-discharge zones of
the Wirmian Rhine glacier (see chapter 3) system-
atic regional pal eogeographic differencesamong the
sizes and abundance of cut and fill elements could
have been revealed. Gravel bodies developed in the
direction North of the Rhine glacier are character-
ized by small and solitary scour poal fills, while a
dominance of large and migrating scour pool fillsis
found in the region West of the glacier following the
modern Rhinevalley (Fig. 2.5). Theamount of drain-
ing meltwater as well asthe valley cross section are
concluded to be the critical controlling factors for
the formation of depositional elements.

For hydrogeol ogists the comprehension of forma
tion, preservation and construction of depositional
elementsisof great importance (e.g. Webb & Davis,
1998). They determine the local distribution of
permeabilities, the hydraulic correlation lengths and
thusthe connectivity of permeable units. Hencethey
are important for local clean-up of contaminated
groundwater. Whittaker & Teutsch (1999), for in-
stance, showed aclear directional control of contami-
nant movement dueto large inclined foresets within
ascour pool fill.

Within the studied coarse-grained braided river
deposits (chapter 3) scour pooal fills for instance re-
flect 3-dimensional bodies with a heterogeneous al-
ternation of cross-stratified low- and high permeable
zones. In contrast, massive beds of traction carpets
and stacking of diffuse gravel sheets (accretionary
elements) are characterized by homogeneous and low-
conductive units with a sheet-like extension. Gravel
dunes also have a sheet-like geometry but show an
cross-stratified internal architecture with alternating
high and low permesability zones.

In recent years ground penetrating radar (GPR)
isused for the detection of sedimentary structuresin
the subsurface (e.g. Jol & Smith, 1991; Stephens,
1994:; Bristow, 1995; Olsen & Andreasen, 1995;
Asprion & Aigner, 1997,1999; Smith & Jol, 1997;
Bridge & Alexander, 1998; Huggenberger, 1998; Rea
& Knight, 1998; Van Overmeeren, 1998; Beres et
al., 1999; Vandenberghe & Van Overmeeren, 1999,
Van Dam & Schlager, 2000). The transmitted elec-
tromagnetic waves are reflected when thereisacon-
trast in dielectric properties of the beds, which is
closely coupled with the material propertiesand wa-
ter content in the saturated zone or with the material
properties and portion of air- and water- filled (cap-
illary water) poresin the unsaturated zone (Huggen-
berger, 1993). Gravel deposits show high contrastsin

the electromagnetic behaviour (clear reflections).
Moreover, the lack of fine sediments (silt and clay)
enable an adequate penetration depth. GPR profiles
therefore support an undisturbed structural image of
the subsurface which can be interpreted sedimen-
tologically (seechapter 4,5 and 6). Three-dimensional
surveysincreasethereliability of the dataand enable
the spatial mapping of depositional elements. Figure
2.6 shows an example of a three-dimensional data
set of braided river deposits with adominant preser-
vation of large scour-pool fills.

2.3.4 Analysis of facies bodies. environmental
system dynamics and aquifer compart-
ments

Facies bodies are constructed by the stacking of sev-
eral depositional elements and strata within distinct
environmental systems (Fig. 2.7). They are charac-
terized by a combination of sedimentary processes
(e.g. currents, avalanching, background settling).
Facies bodies are 3-dimensional and can reach alat-
eral extension ranging from hundreds of metres to
several tens of kilometres and a thickness of some
decameters.

Within the German Rhine glacier areathefollow-
ing major types of facies bodies have been examined
in outcrops (see chapter 6):

- proglacia fluvia bodiesthat build up whole val-
ley-fillsare characterized by alateral and vertical
stacking of depositional elements of the * cut-and
fill" and ‘accretionary’ type. A regiona differen-
tiation in the scale and geometry of scour pool
fills has been recognized which is controlled
mainly by the discharge regime draining the val-
ley-region.

- terminal moraine complexes of the last maximal
ice-extension are build up by less sorted, coarse-
grained gravel deposits and diamict deposits, the
later being often interpreted as flow tills. The
interfingering of gravel and till deposits as well
asthe deformation of stratification dueto ice-com-
pression reflects the oscillation of theice front.

- prograding deltabodies are characterized by large
and inclined foresets of gravel- and sand- beds
formed dueto avalanching- and current- processes.
They can prograde over sandy bottomsetsand are
often truncated by fluvial topsets. Asprion &
Aigner (1999) showed typical examples of ‘ Gil-
bert - type’ deltasin the Singen Basin.
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Fig. 2.5: Summary diagram to show quantified data on the geometry and internal structure of depositional elements
within paleo-discharge zones of the Rhine glacier. Particularly the size of scour pool fills significantly differs between

small drainage areas in the northern parts and the focused area of the Rhine valley in the western part. Depositional
elements are characterized by adistinct distribution of lithofacies and hence they control thelocal correlation structure

of permeabilities. Based on wall data of 29 gravel pits plus 7 sites of ground-penetrating radar surveys.
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Fig. 2.6: GPR can be used in gravel deposits to map the 3-dimensional geometry of depositional elementsin the near
subsurface. In this example the horizontal reflector pattern onthetop (unit 1) and at the base (unit 5) reflect the record
of accretionary elements (gravel sheets + traction carpets) while the trough-shape reflectorsin between reveal azone of
dominant scour pool preservation (unit 2,3,4).
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- kamesbodies can beformed dueto different sedi-
mentary processes. Inthe Rhineglacier arealarge
kames deltas have been studied showing similar
deposits as described above. The contact to the
iceisreflected by postdepositional normal faults
(ice-retreat) and by contemporous deposition of
tills sheets and gravel foresets (non-erosive con-
tact).

- facies bodies formed during a phase of rapid ice
decay are dominated by supra-glacial, gravelly
sediments which are characteristically poorly
sorted, coarse grained (boulder-rich) and massive
containing many angular to subangular compo-
nents.

- subglacial esker bodies are regionally character-
ized by an alternation of inclined gravel- and sand-
beds. Particle orientation and stratification often
indicate a high rate of shearing during transport
and deposition (inverse graded gravels) reflect-
ing the high pressure of subglacial drainage. Also
the morphol ogical shapes (drumlin-, hill - shapes)
of these facies bodiesreflect the depositioninice
cavities (Brennand, 1994).

Faciesbodiesand their internal architectureform
major compartmentswithin glacial aguifersand thus
influence groundwater flow. This has been docu-
mented by Bersezio et al. (1999) for a pro-glacia
delta environment, by Boyce & Eyles (2000) for
subglacial depositsand for fluvial aquifersby Gallo-
way & Sharpe (1998) and Anderson et al. (1999).
Figure 2.8 schematicaly illustratesthe predicted (lo-
cal to regional) flow path patterns of groundwater
within faciesbodies of different glacial environmen-
tal systems.

In addition, the comprehension of formation and
construction of faciesbodiesisimportant for the ex-
ploration of raw materials like sand and gravel de-
posits. Firstly itiscritical to understand the dynamic
processes of the different facies bodies in order to
predict the quality of material. Secondly the genetic
comprehension of their spatial distributionisthe base
for exploring new production sites.

Figure 2.9 gives a conceptua illustration of the
stratigraphic control for the preservation of proglacial
gravel-bed deposits. Both accommodation and fre-
guency/quantity of discharge are regarded as the
major controlling factors whereas sediment supply
is recognized to be high in all cases. While the fre-
guency and quantity of discharge determinethe mor-
phology of afluvial system, the rate of accommoda-

tion is responsible for the preservation potential of
depositional elementsthat originally occured in dif-
ferent geomorphic levels. Figure 2.10 (upper part D)
isarea exampleof type AlinFig. 2.9. Thistype of
gravel body is characterized by interfingering of
gravel sheet and gravel dune deposits. Cut and fill
elements arerare and very small (0.2-0.6m in thick-
ness, 1-7m in lateral extension). The sedimentary
record of example A1 (high accommodation) indi-
cate a shallow braided stream environment of
unconfined flow, where sediment wastransported and
deposited in short pulses. In the case of low accom-
modation (A2) the pattern of thefluvial systemisthe
same but only exceptionally high magnitude events
(traction carpets, gravel sheets) have the potential of
being preserved in the sedimentary record. Lower
energy, day-to-day deposits are continuously re-
worked resulting in alow diversity and a stacking of
thicker units. A real example of gravel body type B1
isshownin Fig. 2.7 C. Here the deposits are charac-
terized by a dominance of accretionary elements
(gravel sheetsand dunes) and asolitarily appearance
of comparatively larger cut and fill elements (0.5-
1.2m in thickness, 5-20m in lateral extension). Ac-
cording to this sedimentary record a braided river
environment (intermediate frequency and quantity of
discharge) with less stable channels and local scour
pools can be deducted. When accommodation ishigh,
channel accumulations and scour pool fills can be
preserved. When accommodation islow, scour pool
fills which are developed in the deepest part of a
braided river system are preferentially preserved
(Siegenthaler & Huggenberger 1993) and only high
magnitude events can be preserved occasionally.
Gravel bodies devel oped under aregime of high fre-
guency and quantity of discharge (examples C1 and
C2) are characterized by arecord of large and mi-
grating scour pool deposits (1,5-4m in thicknessand
10-100minlateral extension). A real exampleof this
style of gravel body is given in Fig. 2.10 (middle
part C). The dimension of scour pools is approxi-
mately proportional to the size of the channelsindi-
cating in this example a braided river system with
deep and stable channels. When accommodation is
high, scour pools are fully preserved and relicts of
channel accumulations occur (C1). In contrast, when
accommodationislow (C2), astacking of basal scour
pool fills with abundant lag-deposits results, i.e. a
diminishinginthediversity of preserved depositional
elements.
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Fig. 2.7: Examplesof glacial faciesbodies:

A) adeltabody ischaracterized by aprogradation of gravel and gravel/sand strata. Lateral fining indicate deposition into
alake (gravel pit Baindt), B) esker body showing an alternation of inclined gravel- and sand dominated strata. The
frequent faults and block rotations are the result of post-depositional ice melting (gravel pit Edenhaus), C) braided river
gravel body (gravel pit Ostrach) characterized by accretionary elements (gravel sheetsand dunes) and solitarily cut and
fill elements (scour pool fills). Outcrop wall is parallel to paleoflow (from right to the left).
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Fig. 2.8: Synthetic illustration of size, geometry and internal construction of selected glacial facies bodies and their
impact on local to regional groundwater pathways. Based on data of 62 gravel pits, 5 sites of ground-penetrating radar
surveysand topographical landform investigations.
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Fig. 2.9: Conceptual diagram showing the stratigraphic control of proximal, coarse-grained gravel deposits. Frequency
and quantity of discharge are thought as being mainly responsible for the morphology and dynamic of the braided river
system (e.g. size and stability of channels) and thusfor the formation of depositional elements. Particularly the size and
proportion of cut and fill elementsincreases with higher discharge. Accommodation space controls the preservation of
depositional elements. Generally, the diversity of elements decreases with lower accommodation space. For instance,
scour poolswhich develop in the deepest geomorphic level of abraided river system have the highest potential of being
preserved. Real examplesfor typesAland C2 areshowninFig. 2.10 (upper + middle part) and for typeBlinFig. 2.7 C.
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Itisobvious, that the stratigraphically controlled
preservation of depositional elements within differ-
ent braided river environments leads to characteris-
tic distributions of lithofacies and hydrofacies, re-
spectively. The resulting patterns of heterogeneity
(permeability distributions) will control local
groundwater flow aswell as spreading behaviours of
contaminants. Yet, the architectural styles depicted
in Fig. 2.9 form just a selection of possible archi-
tectures of heterogeneitiesin coarse-grained depos-
its. For instance, the switch of braided river systems
into straight- or meandering river systems (particu-
larly at low accommodation rate and rel atively small
and continuous discharge behaviour) isnot included.

2.3.5 Analysisof sequences: glacier dynamics
and aquifer storeys

Even within the scale of outcropsvertical changesin
the dynamics of environmental systems are some-
timesvisible. Vertical trendsingrainsizeor inaswitch
in architectural style of facies bodies are caused by
changing sedimentary processes. While small-scale
cycles(cm-m scale) often represent autogenetic proc-
esses, larger-scale cycles (severa metres to tens or
hundreds of metres) are allogenetically controlled and
reflect the dynamics of the glacier (e.g. ice-advance,
ice-decay). Heinz & Aigner (1999) described agla
cial advance within proglacial gravel depositsasre-
flected in a coarsening upward trend, in achange in
the proportions of depositional elements and in the
transition of current-dominated deposits at the base
to mass-movement deposition (flowtills) at the top
of the cycle.

Asanexample, inthegrave pit Friedingen (Singen
basin) several architecture styles of glaciofluvial
gravel deposits are vertically stacked (Fig. 2.10).

A) The lowest part is characterized by horizontal
gravel sheetsand rarely gravel duneswith athick-
nessof 0.4 - 0.7m and alateral extension of hun-
dred of meters. Erosional elements are absent in-
dicating thelack of channel featuresonthisscale.
The componentsarewell rounded and larger clasts
are often imbricated.

B) Thislower gravel body isoverlain by arelatively
thin layer of matrix-supported and compacted
diamict which can be traced in the Singen basin
over severa kilometres. Components are mostly
well rounded, few of them show striationson their
surface.

C) Incontrast, thefollowing gravel depositsare char-
acterized by erosional elements (thickness of 1-
3m and alateral extension of 10-70m) with con-
cave upward and cross-bedded lithofacies. These
elements are often elongated in paleoflow direc-
tion and according to Siegenthaler & Huggen-
berger (1993) they are interpreted as migrating
scour pool fills. At the base of these cut and fill
elements sometimes subangular to angular boul-
ders occur (lag deposits). Additionally post-
depositional ice-collapse structures have been rec-
ognized in thismiddle part.

D) The uppermost part is dominated by the preser-
vation of thin and discontinuous gravel sheets(5-
20 cminthickness, 10-30m in extension), where
only rarely small cut and fill elements appear.

The three basic architecture styles of gravel de-
posits have a minimum thickness of 5-10m and re-
flect different discharge behaviour of changing flu-
vial environments. It is assumed that the vertical
changes in the sedimentary record are not of auto-
cyclic nature but are controlled here by glacier dy-
namics. According to the described deposits four
sequences are deducted caused by short-term glacial
dynamics:

A) Thelowermost part isinterpreted asasequence
of glacier stagnation or slow glacier advance. De-
posits of relatively high magnitude events were pre-
served within one broad river-environment. Imbrica-
tion measurements show a direction of paleoflow
from NE to SW, which is parall€l to the glacier lobe
situated in the SE (Schreiner, 1992).

B) Thediamict-intercal ation between thefirst and
the second gravel body isinterpreted asa‘direct’ gla-
cier deposit (lodgement till) formed during aglacia
advance or even aglacial surge.

C) The gravel body of the middle part is inter-
preted as arecord formed during ice decay. Both the
occurrenceof angular bouldersand ice-collapse struc-
tures indicate proximity to the source (i.e. the ice).
Typical elements of adynamic braided river system
arereveded in this part. For the preservation of mi-
grating scour pool fills, large and relatively stable
channels and an overall high amount of dischargeis
required (compare with chapter 4.5.1). This can be
explained by the high amount of released water dur-
ing ice decay and the narrowing of discharge areas
(and thusfocusing of thedraining water) dueto large
and blocking icerelics.
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Fig. 2.10: Vertical stacking of different architectures of gravel bodiesin the areaof Singen (site Friedingen). Thelowest
part (A) is characterized by a stacking of horizontal gravel sheetsformed within asingle and broad river environment.
The middle part, clearly truncating an intercalated till (B) at the base, is characterized by acomplex stacking of scour
pool fills (C) typically for braided river deposits. The upper part (D) show a preservation of thin, discontinuous gravel
sheets which are interpreted as deposits of an unconfined, shallow braided stream. Such sequences are interpreted
according to sediment sorting, grain size and structural make up of the deposits which are controlled by short-term
glacier dynamics.



2. Dynamic stratigraphy in glacial deposits

19

D) The gravel deposits of the upper part show an
environment of shallow and unconfined flow which
istypical for shallow braided streams or shallow al-
luvia fans (Goedhart & Smith, 1998). The changeto
an overall smaller amount of available discharge
(compared to the deposits of the middle part) isin-
terpreted as a stabilisation and repeated advance of
theglacier.

Genetic sequencesarethecritical unitsfor regional
correlation. Contrary to purely lithostratigraphic or
morphologic correlation, a correlation based on
sedimentary sequences is independent of local
depositiona environmentsand focuses on the dynam-
icsof theglacier. Thusit is possible to correlate e.g.
areasof glaciofluvial depositswith areasof lacustrine
deposits or even with zones of non-deposition and
erosion. Although severa sequence stratigraphic stud-
ieswithin glacial deposits (Oviatt et al., 1994; Scholz
& Finney, 1994; Martini & Brookfield, 1995) have
been successful, correlation is still very often diffi-
cult because of the lack of time markers (e.g. ob-
tained by pollen-analysis), the extreme potential of
local erosion (e.g. subglacially) and the simultane-
ous deposition in different topographic levels.

Regional glacial cyclesoften translateinto major
aquifer storeys. The change of glacier position and
dynamics result in a vertical and lateral stacking of
faciesbodies. While glacial meltwater deposits (e.g.
eskers, deltas, proglacial sediments) often represent
well permeable aquifers, depositsof diamict and fine-
grained sediments (agquitards and aquicludes) sepa-
rate these aquifers. InFig. 2.11 fluvial sedimentsde-
posited during one cycle of glacial advance are en-
visaged to form continuous aquifers, while meltwa-
ter deposits during ice decay are characterized by a
patchy distribution forming isolated aquifer storeys.
Asan example, Szenkler (1996) build up a 3-dimen-
sional hydraulic model embodying severa aquifer
storeysin the Singen Basin on the basis of core data
and deducted genetic sequences.

2.3.6 Analysisof basin fills: basin dynamics
and hydrostratigraphy

Glacia basin analysisrecordsthe 3-dimensional dis-
tribution and stacking of facies bodiesand sequences,
controlled by long-term glacial dynamics and thus
by a combination of climate changes and basin his-
tory.

Quaternary geologists have traditionally studied
the modern relief of glacial landforms. A milestone
in this research has been the recognition of the ‘gla-
cial series (juxtaposition and interconnectedness of
glacid depositswithin onesingleice-period; Schreiner,
1992) by Penck & Brickner (1909) leading to the
commonly applied morphostratigraphic approach.
Although it is now clear that morphological proper-
tieson their own are not sufficient and acombination
with the internal architecture is necessary, the shape
of the landscape provides important indications for
major glacial and glaciofluvia environmental recon-
struction (Shaw, 1987; Rains et al., 1993; Shaw et
al., 1996; Munro & Shaw, 1997).

Within the German Rhine glacier area severa
overdeepend glacial basinsare known (Ellwanger et
al., 1995) which arefrequently elongated inice-flow
direction and show variable extensions and thickness
(1-100 km in length, few decametres to hundreds of
metres in thickness). Depending on their age of for-
mation and geographical position, oneto several gla-
cial advances and retreats are recorded resultingin a
complex basin architecture.

The analysis of sequencesin drill cores and their
hierarchical stacking pattern lead to abasin wide cor-
relation and thus to a rough appraisal of lateral and
vertical distribution of facies bodies. For amore ac-
curate analysis, shallow seismic reflection technics
are used for exact location and geometrical detection
of faciesbodiesin the subsurface aswell astheir in-
ternal architecture (Eyles et al., 1991; Pullan et al.,
1994; Boyce et al., 1995; Pugin et al., 1996, 1999;
Van Rensbergen et al., 1999).

Regional groundwater models need information
about distribution and connection of individual
hydrostratigraphic units. It is, for instance, important
toknow if vertically stacked groundwater storeysare
continuously separated by impermeabletill sheetsor
if local erosional cannibalism lead to hydraulic win-
dows and thus to an interconnection of aquifer sto-
reys. Pugin et al. (1999) recorded with seismic profils
(seismic facies analysis) the regional architecture of
the Oak Ridge Moraine area (southern Ontario) and
clarified the effect of large buried subglacial tunnel
channels on regional groundwater storage and
interconnectedness of hydrostratigraphic units.

InFig. 2.12 part of acomplex Pleistocene glacial
basinfill (Hofkirch basin) isshown. The seismic pro-
file which strikes nearly parallel to the elongate ba-
sin (Ellwanger et al., 1995) from NW to SE hasbeen
calibrated with two closely spaced cores.
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different timesand positionswithinaclassica ‘Glacial Series'.



2. Dynamic stratigraphy in glacial deposits 21

o
m
El
u
n
a
i
Al
m
Al
nn
i
2
"
-
=
0
m
£l
n
an
]
an
ol
.
]
un
Tm
3
[
=
]

e za

ki [T |E:E

£
8
= [
2
E = 3
E 3 O
FCd ©
3
Evt %
E (D
E vt
FQ
el
F Qi
E b 2
E Q)
E vt =
=
O 9
= =)
Q
2
O
(1]
°
b | ©
=
>
(o
©

NW

a

« ¥ &8 & § F E¥ E E

(wr) yadag

Fig. 2.12: Shallow seismic profile within the glacial basin of Hosskirch (Upper Swabia) used for the resolution of the
large-scale subsurface architectures. Coredataare classified according to overall hydraulic properties (aquitard: diamicts
and compacted clay and silt deposits; aquiclude: mixture of sand, silt and clay; aquifer: well sorted gravel and sand
deposits) and can betraced in the profile. For the quantification of hydrostratigraphic unitsregional groundwater models
need information about location and distribution of facies bodies. Compare, for instance, the continuous basal aquifer
and the isolated aquifer-zone in the upper part.
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The core data has been interpreted according to
glacial sequences and classified with regard to
hydrostratigraphic units. Hence, deposits of diamict
and compacted clay/silt are regarded as non-perme-
able aguitardswhereas mixtures of sand and siltswith
small amount of clay behave as an aquiclude. Units
with adomination of sorted gravel and sand deposits
are zones of high permeability and classified as ag-
uifers. The seismic profile enables a 2-dimensional
tracing of these units. It becomes clear that the lower
aquifer iscontinuous and major groundwater flow is
focused in this lower part. In contrast the thin inter-
calated upper aquifer is fully enclosed by aquitards
forming an isolated aquifer.

2.4 Conclusions

In this chapter a simple, process-based approach is
proposed in order to analyse highly variable glacial
deposits by means of asystematic breakdown of sedi-
mentary deposits into a 6-fold hierarchy of objec-
tively defined units of different scales. (1) particles,
(2) strata, (3) depositional elements, (4) facies bod-
ies, (5) sequences and (6) basin fills.

For the Rhineglacier area, adatabaseis presented,
showing quantitative data on types, geometries and
dimensions of lithofacies, depositional elementsand
faciesbodies.

Moreover, recognizing the hydraulic effects of
these different scales from local hydrofacies (meso
scale) to regional groundwater modeling (gigascale)
helps to improve predictions on aquifer properties
and provide quantitativeinput parametersfor numeri-
cal simulations.

A combination and integration of different meth-
ods(e.g. sedimentological, geophysical, geochemical,
morphostratigraphical) isnecessary for acomprehen-
sive gqualitative and quantitative characterization of
glacia aquifers.
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3. Characterization of proglacial flu-
vial gravel bodies. Heterogeneity
pattern and application to
hydrogeology

3.1 Chapter abstract

The architecture of sedimentary bodies determines
the heterogeneity of porous groundwater aquifers.
Thus for environmental risk-assessment and quanti-
fication of clean-up efficiencies, determination of the
spatia distribution of hydraulic propertiesisrequired.

In this study, outcrop analogues of glaciofluvial
gravel-bed deposits are used for a process-based
analysisof sedimentary heterogeneitieswhichinturn
are transformed into hydraulic parameters. Three
scales of heterogeneities are distinguished: a) the
lithof acies-scaleisformed by different transport and
depositional processes and represent the fundamen-
tal building blocks (hydrofacies), b) the depositional
element - scal e shows distinct geometry-characteris-
tics (internal structure and bounding surfaces) and
determine the local distribution of lithofacies and
hence the correlation structure of permeabilities, c)
thearchitectura - scale of gravel bodiesisformed by
the stacking of depositional elements which is con-
trolled by the formation and dynamics of aggrading
paleofluvial systems. Comparison of numerousgravel
pits in SW-Germany reveaed three major architec-
tural patterns of glaciofluvia gravel bodies which
statistically can be distinguished by the preservation
of depositional elements aswell as the frequency of
lithofacies. The facies analysis results in three con-
ceptual facies models of proglacial river systems
which areregionally classified as*main-, intermedi-
ate- and minor- discharge’ types. Using the GIS sys-
tem Arc-Infolithofacial outcrop wall mapsand labo-
ratory hydraulic property measurements of refined
hydrofacies were combined and transformed in a
numerical model for groundwater flow and transport.
Thismodeling illustrates that the three styles of het-
erogeneity of gravel bodies also have distinguishable
hydraulic response characteristics.

3.2 Introduction

Contamination of groundwater in shallow fluvial
aquifers (valey-fills) are nowadays frequently en-
countered. Risk assessment and remediation strate-
gies require basic knowledge in sedimentary facies
distribution as well as hydraulic property distribu-
tion coupled in ahydrogeol ogical model of the sedi-

mentary aquifers. Sedimentary processes in gravel-
bed rivers are well understood by research in mod-
ern coarse-grained river systems (e.g. Goedhart &
Smith, 1998; Dinehart, 19924), in outcrop studies
(e.g. Smith, 1990; Siegenthaler & Huggenberger,
1993), by flume experiments (e.g. Ashmore, 1993;
Major, 1998) or by qualitative and quantitative physi-
cal simulations (Bridge, 1993; Leddy et al., 1993;
McEwan et a., 1999). Their aspects are discussed
and compared intheindividual chapters particularly
with a focus on the formation of lithofacies types
(chapter 3.4), depositional €l ements (chapter 3.5) and
their preservation in different regions (chapter 3.6).

The hydrogeol ogical modeling of sedimentary ag-
uifersjust recently received increasing scientific at-
tention. In the past ten years - following the early
papers of Fogg (1986) & Anderson (1989) - numer-
ous publications focus on the hydraulic modeling of
heterogeneous aquifer systems (e.g. Fogg, 1990;
Poeter & Gaylord, 1990; Ritzi et al., 1995; Webb &
Anderson, 1996a,b). A book recently published by
Fraser & Davis (1998) summarizes the state of the
art concerning thisissue. The authors agree that the
comprehension of heterogeneities (sedimentary and
hydraulic) and their representation in the model is
the critical issue for characterizing fluid flow and
transport in aquifers (e.g. Webb & Davis, 1998; Gal-
loway & Sharp, 1998a,b). The representation (image
creation) in the numerical models may vary regard-
ing the data base and the required goal, the different
methods (descriptive approach, structure imitating,
processimitating) are extensively reviewed in Kolter-
mann & Gorelick (19964). The geological informa-
tion can be transferred into the flow grid by using
different stochastic simulation techniques (Scheibe
& Murray, 1998), by geodtatistical analysis(Domenico
et al., 1998) or in the context of Markow chain analy-
sis(Carleet al., 1998). An other approach to charac-
terize the sedimentary structures in fluvia systems
are geophysical methods, e.g. georadar (Asprion &
Aigner, 1999, Bereset al. 1999). Thetransformation
of thegeophysica parameters(velocity) into hydraulic
parametersisstill questionable (Kowalsky et al., sub-
mitted).

The existing hydrogeologic models of sedimen-
tary agquifers as described above focus on large scale
investigation and use geostatistical or geophysical
methodsfor getting high resolution grid information.
In contrast to that, the following study follows the
method of Huggenberger & Aigner (1999) and fo-
cuses on small scale aquifer analog studies (tens of
meters). The investigations are based on a“close to
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reality” information regarding the distribution of the
lithofacies as well as the determination of hydraulic
properties. In this study, it shall be emphasized that
understanding of sedimentary processes (lithofacies,
depositional elements, stacking pattern) help to pre-
dict fluid flow and transport in gravelly valley aqui-
fers.

3.3 Areaof investigation

Thegravel pitsinvestigated in this study are situated
in SW-Germany beyond the maximal extension of
the Wirmian Rhine glacier (Fig. 3.1). They are lo-
cated in former fluvial drainage zones of the Rhine
glacier which are closely linked to older Pleistocene
valley morphologies. The drainage system of the
Wirmian Rhine glacier can be subdivided into two
main directions. Several drainage zones pass north-
ward to the river Danube (Upper Swabia). The other
(single) zone passes in the modern Rhine valley first

8 E

to thewest before bending in the Oberrhein valley to
the north.

The sites at the northern part (Upper Swabia) are
proximal to the terminal moraine. Presently, the
ground slope ranges from 8-14% , and a clear tran-
sition to the terminal moraine complexesis visible.
Therefore, it is possible to correlate these deposits
with the maximal Wirmian ice extension in Europe
which is usually placed between 23.000 and 14.000
years BP (Schreiner, 1992). A coarsening-upward
trend described by Heinz & Aigner (1999) also iden-
tified these proglacial fluvial gravels being depos-
ited during a glacial advance. In the northern zone,
thereisarapid decrease in thickness of the sediment
package and ahigh groundwater level preventsdistal
outcrop studies. In contrast, it is possible to study
gravel depositsinthe Rhinevalley which are exposed
up to 100 km away from the terminal moraine.

9'E

® field sites
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Strasbourg
|
Freiburg
48' N

0 10 20 30 40km

Neckar River

W Ziirich

Stuttgart &

Tubingen

Fig. 3.1: Location of the study area showing the distribution of field sites. The gravel pits are located within paleo-
discharge zones of the Rhine glacier (last glaciation). One portion of field sitesare situated at the northern marging of the
ice lobe (Upper Swabia), while the other portion occur along the Rhineriver (to the West/North).
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3.4 Analysisof lithofacies- trandationinto
hydrofacies

Understanding transport and depositional processes
in gravel-bed rivers helps to explain the appearance
of different lithofacies types (mesoscale). They can
be characterized by different grain size, degree of
roundness, sorting, stratification, fabric and texture.
A lithofacies concept proposed by Miall (1978) clas-
sifies primary sedimentary features. This was ex-
tended for glacial depositsby Eyleset al. (1983) and
specificfeaturesfor glaciofluvial depositswere added
by Siegenthaler & Huggenberger (1993). While
Keller (1996) tried to combine this sedimentol ogical
code with geotechnical information from core data,
Anderson (1989) & Klingbeil (1998) used this con-
cept to classify hydraulic units of gravel deposits.
Bierkens (1996) and Anderson (1989) showed that
sedimentary properties (grain-size distribution, tex-
ture, fabric) can directly be connected to hydraulic
properties such as hydraulic conductivity and poros-
ity. The term ‘hydrofacies was thus introduced for
unitswith relatively homogeneous hydraulic proper-
ties (Poeter & Gaylord, 1990; Anderson et al., 1999).

Applying the code-scheme of Keller (1996) to
lithofacies- and hydrofacies description, acloselink
between genetic lithofacies description (representing

sedimentary processes) and hydraulic parametersis
documented in thisstudy (Tab. 3.1). The appearance
of 5 dominant lithofacies have been recognized in
glaciofluvial deposits of the Rhine glacier: (1) pure
sand, (2) well sorted gravel, (3) poorly sorted gravel,
(4) dternating gravel, (5) cobble and boulder-rich
gravel (Fig. 3.2). However, transformation of litho-
faciesinto hydrofacies required in some cases afur-
ther differentiation. Variations of grain-size and ma-
trix content not critical for process-based litho-facies
description but with a strong impact on the resulting
hydraulic properties, had to be taken into account
(Tab. 3.2 and Fig. 3.3).

The transformation of lithofacies into hydraulic
properties (hydrofacies) was done by measuring hy-
draulic conductivities of disturbed (and only sand
facies undisturbed) samples in a permeameter col-
umn (disturbed samples. 40 cm* 10 cm; undisturbed
samples. 10 cm* 4 cm) at different hydraulic heads.
The results were compared to values calculated by
empirical equations based on the information of the
grain size distribution and porosity (Kozeny, 1927,
Carman, 1937; Beyer, 1964; Panda & Lake, 1994,
Koltermann & Gorelick, 1995). Additionally, the
valueswere compared to datafrom theliterature (e.g.
Jussel et a., 1994).

indizes/ features

abbreviation

b boulder
¢ cobbles
s sand

i; | grain-size

f fines (silt/clay)

G Gravel

I | grain-size S Sand

F Fines (silt/clay)

iy |texture

¢ clast-supported
m matrix-supported

x stratified
i3 | stratification

m massive (no bedding)

g graded (normal, inverse)

i imbrication

a alternation: e.g. 0 = open framework, b = bimodal
h horizontally stratified

p planar stratified

t trough cross-stratified

iy |additional
information

Table 3.1: Lithofacies-codefor description of gravel depositsin outcrops (modified and extended after Keller, 1996 and
Kleineidam 1998). This code can be described as followed (i, I, i, i, .i,: the grainsizeis given by i, and |, whereby I,
represents the main component (e.g. G = gravel) and i, (optional) gives additional information to the components or
matrix. Index i, describes the texture of the sediment and is either clast-supported or matrix-supported. Index i, gives
stratinomic features. For simplification we distinguish between cross-bedded = x, graded = g and massiv = m. Addi-
tional information (depending on the task of description) can be put on positioni, which is separated by acomma. - is

used in order to keep the sequence.
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Fig. 3.2: The 5 mgjor lithofacies types occuring in gravel-bed deposits of the Rhine glacier area. The change in the
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lithofacies hydrofacies K;[m/s] Ky [m/s] porosity [-]
experiment calculated experiment
bGem 4.7-.10°¢ 0.08
(c,b) Gem,i ¢Gem 2.3.1071 0.15
Gem Gem 2.5:10"+2.1-10 3.3.10%+3.3.10%¢ 0.1740.07
sGem 6.1-10°+5.9:107 7.1-10°+2.2 107 @ 0.13+0.04
fGem 1.6:10°+1.1 10° 1.3-10%+3.2-10° @ 0.15+0.02
Gex Gex 2.3-10747.5 10” 3.510%+1.7-10%¢ 0.18+0.03
¢Geg,0 3.10°¢ 0.26+0.02
Geg,a Geg,o0 4.8:10"'+2.6-107 2.010"+1.8 101 ¢ 0.26+0.02
\ sGeg,o 9.5:10%+ 6.5-10° ¢ 0.23
Gem,b 6.1-10°+1.8-10™ 2.8:10°+2.8.10%¢ 0.2040.08
GS-x GS-x 2.3:10°+4.5-107 5.2-10%+2.4 -10"¢ 0.27+0.07
S-x S-x 1.4.10%45.0-10°3 1.3.10%+1.5-10"¢ 0.360.04

Table 3.2: Summary of the measured and cal culated hydraulic propertiesfor the various hydrofaciestypes; * cal culated
based on (K, = K; (Gem; Sand) (1—V(GB))), 2 based on empirical equation according to Panda and Lake, ® based on

K ozeny-Carman equation, 4 based on empirical equation according to Beyer.

3.4.1 Puresand lithofacies (S-x)
description:

Thistype of lithofaciesis represented by very well-
sorted sands. Thegrain sizerangesfromfineto coarse
sand with adominance of medium sand. Finer mate-
rial such as clay and silt is not present. Pure sand is
often found in local depressions either as a carpet
covering the basal morphology, internal cross-strati-
fication units or as marginal wedges laterally from
coarser sediments. Horizontal unitswith alateral ex-
tension of metersto tens of metersalso occur. Witha
thickness up to 0.7m, these units are characterized
by horizontal stratification. Occasionally, planar
cross-stratification (indicating migration of ripples
with straight crests) was noticed.

discussion and hydraulic consequences:

In contrast to gravel deposits, this lithofacies repre-
sents deposits of low energy. Internal stratification
reflects the transport of single particles as bedload
charge. Deposition occurs either at the decreasing
limb of flow or at protected positions within the flu-
vial system, probably under ‘lower flow regime’ con-
ditions (derived from the association of sedimentary
structures). Using undisturbed flow through columns
of 10cm * 4 cm, 10 different samples (similar grain
sizedistribution) showed hydraulic conductivities (k)
ranging from 3.6 10° ms* up to 1.1 10* ms™. Pre-
dicted k. values based on the empirical equation of
Beyer (1964), using the unconformity of the grain
size distribution sieve curve and the grain size at 10
% of the cummulative sieve curve werewithin afac-
tor of 2. Within the used column size no significant

influence of internal stratification on kf values was
found (each samplewastaken horizontal, vertical and
indirection of layering). Thisis probably dueto uni-
formity (well sorting) and the lack of muddrapes on
foresets in the samplesinvestigated.

3.4.2 Well sorted gravel lithofacies (GS-x)
description:

This lithofacies is built up by well-sorted, well-
rounded gravel to sand/gravel mixtures. Thegrainsize
ranges between medium sand and medium gravel.
While gravelly dominated units are clast-supported,
sand/gravel mixtures can show a matrix-supported
texture. Stratification of these inclined units (3-25°)
are obviously dueto orientation of particlesor grain
size changes. Interfingering and interbedding with
lithofacies S-x is common. Unit thickness of
lithofacies GS-x often does not exceed 0.7m.

discussion and hydraulic consequences:

Sorting indicates a continuous process of deposition.
Therefore, transport of more or less single particles
as tractional bedload is assumed. Changes in grain
size reflect both variable current energy and differ-
encesingrain size supply. Hydraulic conductivity for
3 different samples ranged from 9.3 10° ms® - 2.1
10“* ms?. The narrow range in values can be attrib-
uted to the very similar grain size distribution inves-
tigated in the field (Tab. 3.2). Calculations based on
empirical correlations (Beyer, 1964) arewithin afac-
tor of 4-6.
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3.4.3 Il sorted gravel lithofacies (Gex, Gem,
Gcm,i)

description:

Thisisthe most frequently observed lithofaciestype
in al localities. It is characterized by a moderate to
poorly sorted sediment mixturewith agrain sizedis-
tribution from fine sand to cobbles. Gravel particles
representing themain grain sizearewell rounded and
clast-supported. Bed boundaries are vague and sin-
gle beds are one to several decimeters in thickness.
Preferred clast orientation can occur parallel (a(p))
to bedding in cross-stratified units while in horizon-
tal beds, larger clasts (e.g. cobbles) often show im-
brication (a(t), b-axis upward dipping). Individual
beds can be separated by thin sandy layers, variable
proportion of matrix and by differencesin maximum
grainsize.

Thisfaciesisvery common in gravel-bed depos-
its and has often been described from outcrop stud-
ies (Siegenthaler & Huggenberger, 1993; Steel &
Thomson, 1983; Smith, 1990). Asnoted by Whiting
et al. (1988) and Reid & Frostick (1987), the move-
ment of sediment in gravel-bed rivers happens in
pulses. A close relationship between movement of
sand and initiation of entrainment of gravel is de-
scribed resulting in a wavelike transport process
(Kuhnle, 1996). Theill-sorted lithofacies of the SW

- German Rhine glacier depositsincludes 10-30% of
the sand fraction and 70-90% of the gravel fraction.
Although there is no accurate determination of sedi-
ment motion (Reid & Frostick (1987) describe
bedload motion at rising limb of aflood hydrograph
aswell as at the recession limb), this transport proc-
ess alwaystake place at high flow stage. Deposition
of low-density tractional bedload sheets occursvery
rapidly, as shown by the lack of a sorting mecha-
nism. Although the sand/water matrix is important
for movement of gravel sheets, alater infill of sandy
matrix should a so be considered (Goedhart & Smith,
1998). Whileparallel clast orientation (a(p)) indicates
ahigh rate of shearing, the occurrence of imbricated
clasts(b(i)) highlightsinert grain-to-grain collisions.

discussion and hydraulic consequences.

In terms of hydraulic properties, a differentiation of
the genetic codewasrequired (Tab. 3.2). Particularly,
the make-up of the matrix has to be considered.
Lithofacies Gem (cGem,i) and Gex will have similar
kf values (2.3 10“ms?) if the matrix is similar. To
further characterize the matrix the code sGem isin-
troduced indicating an increased amount of medium
sand in the matrix which results in a diminishing of
hydraulic conductivity (6.1 10° ms?) compared to
the ariginal Gem. In somelocalities, the matrix con-
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Fig. 3.3: Summary of measured hydraulic conductivities and porositiesfor different hydrofacies types. Highest values
werefound for the open framework gravels (dots) and lowest conductivities were measured in the Gem (grey triangles)
were higher fraction of clayswere found (fGem; black triangles). The porosity variesfrom almost 10 % to 42 % while
the hydraulic conductivities change by orders of magnitude (from Heinz et al.).
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tainssmall amounts of fines (mainly silt). Only 1-2%
of finer material leadsto adecreasein hydraulic con-
ductivity by one order of magnitude (1.6 10°ms?), in
this case, the lithofacies is designated by the code
fGem. Predictions based on the grain size distribu-
tion (Panda & Lake, 1992) were within afactor of 2-
5without any physical explanation. Theinfluence of
imbrication onk. values could not beinvestigated using
disturbed samples, results were reported by Siegen-
thaler & Huggenberger (1993) to be in the order of
50 % lower k valuesin horizontal compared to ver-
tical flow through direction.

3.4.4 Alternating gravel lithofacies (Gcg,a)
description:

Thislithofaciesconsists of abipartiteunit with alower
zone consisting of matrix-filled, clast-supported
gravel and an upper zone of very well-sorted open
framework gravel (matrix-free). Both zonestogether
often show a hormal grading; this is the reason for
interpreting thisalternation as one genetic unit. Sieve
analysis shows that amixture of both zonestogether
displays a similar grain size distribution as the ill-
sorted gravel ‘Gem’ (see Fig. 3.2). Again, al parti-
cles are well rounded. Beds occur in horizontal and
ininclined manner with athicknessranging from sev-
eral centimetres to a maximum of 0.7m.

Many varieties of alternating gravel have been
recognized. There is a positive correlation between
maximum particle size and bed thickness (Steel &
Thompson, 1983). Thetwo zones can be very asym-
metric with the end-members consisting of only one
zone (upper or lower zone). The matrix of the lower
zone can range from well-sorted medium sand to a
polymodal grain size distribution (containing even
fines). Alternating units with a bimodal lower zone
often show a mature development of grading (com-
pared with gravel couplets) with an openwork zone
from coarse pebbles (cobbles) to granules or coarse
sand. In contrast to unitswith polymodal lower zones,
grading is often vague even within the openwork
upper zone.

discussion and hydraulic consequences:

Gravel couplets are awidespread fluvial gravel type
often described in the literature (e.g. Bluck, 1979 ;
Steel & Thompson, 1983; Smith, 1990; Siegenthaler
& Huggenberger, 1993). Because of itsvast rangein
appearance the descriptive term * alternating gravel’
isintroduced (Smith, 1990; Heinz & Aigner, 1999).
Steel & Thompson (1983) explained this alternation

asaresult of waning flow and clast segregation over
the surface of a bar. In contrast, Carling & Glaister
(1987) and Carling (1990) showed that this alterna-
tion can be produced without flow fluctuation by
migration of gravel dunes. At the brinkpoint of adune,
flow separation occurs initiating a grain size segre-
gation (grading). Counter flow at the lee-side ena-
bles the infiltration and mixing of suspended sand
with the basal zones. While these mechanism pro-
duce horizontal alternating beds, Siegenthaler &
Huggenberger (1993) pointed out that inclined gravel
couplets result from gravel dunes migrating across
an obligue plane. The described polymodal basal zone
is certainly a result of an avalanching mechanism
(Steel & Thompson 1983) and largeforesets of alter-
nating gravel have also been seenin glacial Gilbert-
type deltas (basin of Singen, Asprion, 1998) more
resembling a turbidite mechanism. Acknowledging
all thesevarieties of alternating gravel, it isassumed
that different mechanisms can lead to similar alter-
nating gravel lithofacies. Although all mechanisms
are not known, two conditions are thought to be criti-
cal for their formation: a negative step (e.g. slope of
a dune or scour pool) initiating grading and turbu-
lence for winnowing or infiltration of matrix.

In contrast toill-sorted gravel, the same sediment
mixture experiences asorting mechanism that isim-
portant for resulting hydraulic conductivities (Tab.
3.2). Thelithofacies code Gcg,atherefore need to be
extended and specified. If apolymodal construction
of the basal zone occurs, the same codes as for ill-
sorted gravel are used (Gem, sGem, fGem). The ba
sal zone could also be made up by a bimodal grain
size distribution (clasts and sand matrix) with code
(c)Gem,b. For this lithofacies an empirical correla-
tion for the prediction of the overall porosity in bi-
modal grain size distributions (Koltermann & Gore-
lick, 1996b) was adopted to predict a so the hydraulic
conductivity. According to the findingsfrom Kol ter-
mann & Gorelick (1996b) porosity and kf values de-
pend on the volume fraction of the clasts and the
matrix. Down to a volume fraction of the matrix to
the porosity of the clasts permeability can be calcu-
lated based on the permeability of the matrix times
the matrix volume fraction (the clasts don’t attribute
to the flux). In the field a lower volume fraction of
thematrix was never observed in which casetheclasts
and their pore space contribute significanty to the
overall permeability. The measured to predicted val-
ues are given in Fig. 3.4 A and summerized in Tab.
3.2. Hydraulic conductivity of the upper openwork
zone is determined by particle size or better by the
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sizeof their pores. Three subunitsareclassified: grain
size from cobbles and coarse pebbles are given the
codecGcg,o (kf =1010°ms?), grain sizefrom coarse
to fine pebbles correspond to Geg,o (kf =10 101 ms
1) and grain size from granules grading to sand are
termed sGcg,o (kf = 10 102 ms?). The hydraulic con-
ductivitieswere cal culated using the Kozeny (1927)
and Carman (1937) equation, based on grain size,
porosity and tortuosity (1/porosity). The validation
of the method (measured to calculated values) are
given in Fig. 3.4 B showing an overall good agree-
ment, up to grain sizes of 16 mm, which isthe upper
sizelimit for the used column size.

3.4.5 Cobble- and boulder-rich gravel
lithofacies (c,b)Gem,i

description:

Thislithofaciestype containslarge clasts such as cob-
bles and boulders. Relating to pebbly grain size
(which is dominating) the lithofacies shows a clast-
supported texture. Together with a matrix ranging
from fine sand to granules sorting is poor to very
poor. Most clasts are well-rounded with occurrence
of subrounded and infrequently subangular compo-
nents. Beds commonly can reach athicknessof up to
1.5m and are characterized by a horizontal and mas-
sive appearance. Coarse claststypically show imbri-
cation within these sheet-like units. In one case, a
stacking of several 0.5m to 0.7m thick beds was ob-
served building up a 5m thick composite unit. The
beds dip with a very low angle in the paleoflow di-
rection.
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discussion and hydraulic consequences:

Apart from theincorporation of an increased amount
of silt and clay, this lithofacies can be compared to
the ‘brown gravel’ described by Siegenthaler &
Huggenberger (1993). Thisgravel typeisinterpreted
as a product of a stream-driven, high-density trac-
tion carpet (Todd, 1989). Lack of sorting and strati-
fication accountsfor an ‘ en-masse’ transport of sedi-
ment where a mixture from sand, gravels and boul-
dersistransported simultaneously. Theoretical con-
siderations describing the effect of dispersive pres-
sure, quasi static grain to grain collisions and buoy-
ancy forcesimply that transport mechanismstransi-
tional between debrisflow and fluvial bedload trans-
port are responsible for these products (Nemec &
Steel, 1984). Due to the appearance of imbrication
and lack of grading, alow rate of shearing and high
celerity of deposition is proposed. Development of
such massive sheet-like deposits require high-mag-
nitude floods including a suspension-rich discharge.

Hydraulic conductivities could not be determined
with the used column due to the large grain-sizes.
Compared to the results for the bimodal lithofacies
the coarser clastsdiminishesthe effectiveflow plane,
resulting in lower permeabilities compared to the
matrix (lithofacies Gecm). Therefore, the large clasts
were removed from the sample and the hydraulic
properties of the matrix were measured. Afterwards
the values were corrected by the volume fraction of
the matrix.

-
o

porosity of 0.35

-
L

o
i

k=)
o
o
=

[ calculation

@ experiment

ydraulic conductivity ki [m s™]

o

,0001 3§

o h

,00001
0,01 0,1 1 10 100
grain-size [mm]

B)

Fig. 3.4: A) development of porosity and conductivity in the bimodal lithofacies *Gem,b’. Analogue to porosity the
conductivity decreases to the minimum of porosity. Below this sand portion both increase again. B) validation of the
Kozeny Carman equation for the uniform open framework facies showed avery good agreement between measured and
calculated hydraulic conductivities, justifying the calculation of hydraulic conductivities for the cGeg,o0, Geg,0 and

sGceg,o (fromHeinzeta.).
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3.5 Analysisof depositional elements

This section describes how geometries, bounding sur-
faces and associated sedimentological characteris-
ticsare used to classify depositional (or architectural)
elements. Withinafluvia system, they develop at dif-
ferent geomorphic positions, under different energetic
conditionsand also with changing avail ability of sedi-
ment. This means that depositional elements are
closdly related to transport and depositional processes,
while position and geometry (e.g. channel-form) de-
terminethedistribution of lithofacies. In addition, dis-
tinct processesare only possibleat distinct geomorphic
positions. Therefore, the comprehension of construc-
tion and geometry of depositional elements not only
enables the reconstruction of fluvial systems but is
aso critical for the understanding of the 3-dimensional
distribution of permeabilities.

All investigated localities exclusively show ele-
mentswhich are devel oped in the active channel belt
(in channel-elements). In none of the outcrops sedi-
mentary units have been preserved showing flood-
plain or channel marginal (e.g. levee, crevasse) fea
tures. Additionally, the dimension of the‘in channel-
elements’ as well as their internal construction can
be highly variable. For this special case it was de-
cided not to use the expression ‘ architectural element’
(Mial, 1985; Keller, 1992) but neutrally * depositional
element’.

Thestock of depositional € ements can be grouped
into two categories: (1) ‘cut and fill’ - elements, (2)
‘accretionary’ - elements. Thefirst group is charac-
terized by an erosive concave lower bounding sur-
facefilled in a second step with sediment (compare
with Steel & Thompson, 1983; Morison & Hein,
1987; Smith, 1990). In comparison, accretionary -
elements show an aggradational and/or progradational
dratification stylebuilt up onamoreor lessflat lower
bounding surface.

examples of cut and fill - elements:

3.5.1 Erosivescour pool elements

These elements are characterized by concave ero-
sional surface with adistinct boundary. Theinternal
structure consists of trough-shaped cross-bedded sets
comprising lithofacies S-x, GS-x, Gecm and Gceg,a.
Thethickness of trough elementsrangesfrom 1mto
4m. Laterally, they can extend from afew metresto
several tens of metres (see also chapter 3.6.4).

According to Best (1988) and Siegenthaler &
Huggenberger (1993), these elements areinterpreted
as scour pool fills. In braided river systems scour
poolsoccur at channel bendsand channel confluences
(Ashmore 1982). Their forms depend on channel
shape, confluence angle, discharge and bedload
(Siegenthaler & Huggenberger, 1993). The position
can remain stationary, but Ashmore (1993) also
showed in small-scale hydraulic models different
possibilities of changes in position of channel con-
fluences (e.g. trand ation, expansion, rotation, oblit-
eration). Based on the migration of scour pools,
Siegenthaler & Huggenberger (1993) convincingly
explained geometrical forms resulting from differ-
ent positions of the sections according to pal eoflow
direction. Two processes contribute to the filling of
pools: (1) foreset deposition at the upstream end and
(2) lateral accretion along the flanks.

These processes enable the formation of differ-
ent small-scal ed lithof aciestypesaternating and inter-
fingering with each other. For permeability distribu-
tion, trough elements therefore represent heteroge-
neous 3-dimensional bodies(vast rangein size) which
are internally cross-stratified with an extreme vari-
ability of hydraulic lithofacies.

3.5.2 Small dissection e ements

These minor elements show similar types of lower
bounding surfaces as those described for trough-ele-
ments. However they aremuch smaller in sizereach-
ing athickness often smaller than 0.7m and alateral
extension of oneto several metres. Cross-stratifica
tion dominates consisting of lithofacies S-x, GS-x
(interfingering), ill-sorted gravel and alternating
gravel.

Dueto thesmall sizeand lithofaciestypestypical
for ‘lower flow’ conditions, these el ementsareinter-
preted as dissection-elements of unit bars. At waning
flow, newly formed channel accumulationsare often
dissected. Bluck (1979) described several sedimen-
tary structures on bar supra-platforms as being com-
parable to these depositional elements. In order to
preserve such high topographic positions in gravel-
bed rivers, a high rate of aggradation of the deposi-
tional systemisrequired. If preserved, these elements
represent small-scaled, 3-dimensional bodieswhere
an increased probability of pure sand depositsis ex-
pected. For the overall hydraulic network of awhole
gravel package, these elements are not important.
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examples of ‘accretionary’ elements:

3.5.3 Horizontally-bedded gravel sheets

Thiselement mainly consistsof ill-sorted gravel. In-
dividual beds are typically 1-2dm thick with arange
in lateral extension from a few metres up to severa
tens of metres. A vague horizontal to subhorizontal
stacking of several bedsresultsin acrudely horizon-
tal stratification.

These depositsareinterpreted asavertical accre-
tion of gravel carpets (Hein & Walker, 1977; Ash-
more, 1993) within the active channel. Pulsatory, low-
density bedload sheets, only oneto two grainsin thick-
ness, are the most important mechanisms for gravel
transport in gravel-bed rivers (Reid & Frostick, 1987;
Whiting, 1988; Kuhnle, 1996).

Apart from slight deviations in matrix construc-
tion and maximum grain sizes, these elementsrepre-
sent hydraulicly homogeneous unitswith asheet-like
(2-dimensional) geometry ranging laterally fromtens
up to hundreds of meters.

3.5.4 Massivegravel sheets

This element is composed of cobble- and boulder-
rich gravels with the large clasts often showing im-
brication (b(i), a(t)). Massive single beds or sets of
beds up to 1m in thickness build up laterally exten-
sive units (100-500m). The lower bounding surface
oftenindicatesaninitia erosional degradationthat is
al so supported by the occurrence of reworked mate-
rial (underlain frozen gravel beds).

For the devel opment of these elements, high-mag-
nitude floods are required (glacial outburst, jokul-
hlaup). They areinterpreted as high-density bedload-
movements (traction carpets) driven by suspension-
rich stream flow (Todd, 1989). The very poor sorting
and the appearance of massive units are considered
to be the result of a rapid deposition. Such events
can lead to destruction and reorgani zation of thewhole
fluvial system.

Again, this processforms asheet-like homogene-
ous hydraulic unit. In comparison to horizontal-bed-
ded elements, this element is laterally more exten-
sive (hundreds of metres)and can reach up to 5min
thickness. In comparison to the horizontally-bedded
gravel sheets the hydraulic conductivity is reduced
dueto the occurrence of many large clasts (see chap-
ter 3.4.5).

3.5.5 Cross-bedded gravel dunes

Within the studied gravel-formations, 0.3to 1m - scale
cross-bedded setsformed on aflat or weekly concave
lower bounding surface have also been recognized.
Since no clear erosiona phaseisvisible, thiselement
isincluded in the *accretionary’ group. Alternating
gravel (Geg,a) mainly composesthe stratification, the
angle of which can rangefromvery low inclined (3°)
to steep (30°). I11-sorted gravel occurs, and well-sorted
gravel (GS-x) and pure sands (S-x) occursinfregquently
as well. Laterally, these elements show extensions
from few metres up to several tens of metres.

For this cross-bedded element the term ‘gravel
dune’ isproposed. Carling (1996) showed that the de-
velopment of dunes is not controlled by grain size
and presented many examples of coarse-grained gravel
dunes. However, the description and classificationis
mainly based on morphological features like dune-
height/length, wavelength, symmetry, crest-form
(Ashley, 1990; Carling, 1999). The non-preservation
of any topological features (positive formsets) within
gravelly formations forces one to distinguish these
preserved bedforms only by size/extension, internal
structure and formation of lithofacies (Todd, 1996).
Crucial for our interpretion is the development of an
avaanching face at the downstream end of abedform.
In contrast to low-relief bedload sheets, gravel dunes
form higher elevated bedforms, and coupled with the
negative step at the downstream end, the formation
of aternating gravel seems possible. Sediment is sup-
plied mainly as bedload sheets or as smaller ‘ piggy-
back’ gravel dunes migrating over the stoss side of
larger bedforms (Dinehart, 1992a). The infrequent
appearence of lithofacies GS-x and S-x indicates de-
creasing or low-energy flow conditions.

The determination of gravel dunes at 2-d sections
inthefieldisoften ambiguous. 2D gravel duneslook
similar toflow-paralel scour-poal fills, and 3D gravel-
dunes can aso fill trough-like structures. Khadkikar
(1999) worked out characteristics for discriminating
trough cross-bedded conglomerates but gave no dis-
tinctive features for a possible genetic separation of
gravel dunesand scour pool fills. Often 3-dimensional
information, gained for example by different oriented
outcrop sectionsor radar profiles (Bereset al., 1999),
are needed for acorrect interpretation. For hydraulic
characterization gravel dunesrepresent highly hetero-
geneous units characterized by an inclined inter-
bedding of high and low permeable zones. While
migrating 2-D dunes greate sheet-like geometries, 3-
D dunes are probably preserved as trough-shaped
bodies.
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3.6 Analysisof gravel body ar chitecture-
patternsof heterogeneity

For stacking pattern analysis an adequate size of the
outcrop isneeded. Particularly the size of depositional
elements determinethe required size of outcrop walls
(if possible perpendicul ar recently excavated and sec-
tionindifferent directions): In some cases an outcrop
wall of 20m x 7missufficient, in other cases outcrop
walls of e.g. more than 100m x 10m are needed to
understand the architecture of gravel bodies (compare
also the different lengths of the examples from Fig.
3.5). According to the required outcrop conditionsiit
isrefered in this chapter to a database of 11 selected
gravel pits.

The comparison of the outcropsreveal ed regiondly
different patterns of sedimentary architecture. Three
basic recurrent patterns appear within the paleo-dis-
charge zones of the Rhine glacier. They differ bothin
size and frequency of ‘cut and fill’- elementsand in
the frequency of the different lithofacies (Fig. 3.5).
Especially the size of ‘cut and fill’- elements is an
important indicator for the resulting groups. Itisim-
agined that apart from factors like sediment supply,
gradient, and valley cross-section, the quantity of dis-
charge is the most critical controlling factor for the
formation of ‘cut and fill’- elements in these coarse
grained deposits. Hence, | refer to these patterns as
‘main-‘, ‘intermediate-* and ‘minor’ discharge areas
(chapter 3.7).

3.6.1 Main discharge area (Rhine valley)

Gravel bodiesin the main discharge areaare char-
acterized by adomination of thick and extensive ‘ cut
and fill’- elements which are interpreted as (migrat-
ing) scour pool fills. Theinternal structureisbuilt up
by cross-bedded sets consisting chiefly of the litho-
facies aternating gravel (Gcg,a) and poorly sorted
gravel (Gem). ‘Accretionary’- elements occur only
asrelics. They are represented by horizontal to mas-
sively bedded gravel sheets built up by poorly sorted
gravel with changing amount of large clasts (Gem,
cGem).

The style of heterogeneity istherefore determined
by stacking of scour pool fills. The result is a highly
complex assemblage of interfingering and inter-
bedding of permeable (cGeg,0/Geg,0/sGeg,0) and less
permeable (Gem/sGem/Gem,b) zones. Hence, hydrau-
lically similar units can be connected to each other
which, for example, enables the formation of highly
permeable networks. Relics of ‘accretionary’- ele-

ments are inclusions of horizontal and homogeneous
zones of lower permeability.

3.6.2 Intermediate discharge area (Upper
Swabia)

The sedimentary construction of gravel bodies of the
intermediate discharge areas clearly display smaller
scaled elements. * Accretionary’ - elements dominate,
represented in this example by horizontal to sub-
horizontal units of gravel sheets (Gecm) and traction
carpets (c,bGem). ‘Cut and fill’- elements appear
solitary and are built up by cross-bedded sets of poorly
sorted gravel (Gex). Well-sorted gravel (GS-x) and
sand (S-x) occur frequently, whereas the frequency
of alternating gravel (Gceg,a) isclearly reduced. These
‘cut and fill’ - elements areinterpreted aslocal (non-
migrating) scour poolsand small dissection elements.

The heterogeneity of these gravel bodiesisthere-
forecharacterized by a‘matrix’ of homogeneous' ac-
cretionary’ - elements in which small and heteroge-
neous ‘cut and fill’- elements are interbedded and
often not connected to each other.

3.6.3 Minor discharge area (Upper Swabia)

Gravel bodies of the minor discharge area are char-
acterized by a mosiac of very small-scaled inter-
fingering of many sedimentary units. The clear-cut
identification of depositional elementsis often diffi-
cult and indistinct. While poorly sorted gravel (Gem/
Gex/sGem/fGem) dominates the lithofacies record,
aternating gravel (Geg,a) appearsirregularly distrib-
uted particularly within cross-bedded units. Sand (S
x) and well sorted gravel (GS-x) occur rarely. The
deposits are interpreted as sedimentary records of
gravel sheets (horizontal to subhorizontal units) and
gravel dunes (inclined units).

The small-scaled interfingering of sedimentary
units leads to a complex pattern of heterogeneity. In
this case however, thethin and finely distributed units
of aternating gravel are not connected with each other
and often separated by low permeability zones (e.g.
fGem).
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3.6.4 Statistics

Classification into the three groups ‘main-*, ‘inter-
mediate-' and ‘minor-* discharge arearesulted from
comparison and statistical survey of many outcrops.
At each site the fractional portion of depositional el-
ements, their size and their lithofacies build-up was
recorded (Fig. 3.6). To document changesin the on-
going gravel excavation and reduce local deviations,
this standardized survey was carried out 4 to 5 times
respectively at each repeated visit of the gravel pit
over atime period of 1.5 years. Toincrease objectiv-
ity, thiswas done by several persons. While sizes of
depositional elements could be measured accurately
at different oriented sections, the internal fill of
lithofacies had to be estimated within a certain error
margin. However, statistical differencess could be
recognized underlining the grouping into three pat-
terns of heterogeneities. Figure 3.6 A/B highlights
thedominance of large‘ cut and fill’ - elementsin de-

posits of the ‘main discharge area’. While gravel
bodies of the ‘intermediate discharge area are built
up mainly of larger portions of ‘accretionary’-ele-
ments, the size of ‘cut and fill’ - elements as well as
their frequency is clearly reduced within the ‘minor
discharge area’.

Fig. 3.6 D shows the occurrence of alternating
gravel. Large (migrating) scour pools of the ‘main
dischargearea’ represent favourable positions (nege-
tive step) for the development of alternating gravel
(Gcg,a). Within the small *cut and fill’ - elements of
theintermediate discharge area, thislithofaciesisrare.
The gravel dunes of the ‘minor discharge area’ con-
tain again portions of aternating gravel.

In addition to the sedimentol ogical classification
into groups, this analog data may in the future aso
represent important input parametersfor geostatistical
modeling of such highly heterogeneous deposits.

architecture ‘main discharge area’ ‘intermediate ‘minor discharge
of gravel discharge area’ area’
body
site nr. 1 2 3 4 5 6 7 8 9 10 11
accretionary
-/ cut and 20/80 | 5/95 | 15/85|25/75|50/50 | 70/30|70/30 | 65/35 | 95/5 Pp5/5 | 85/15
fill- elements
size of ¢/f -
elements
[m]
median 1.7 22 1.9 1.8 1.0 0.8 0.7 0.8 0.3 0.5 0.6
thickness
max. 4.0 5 35 3.0 1.5 1.5 1.4 1.5 0.5 0.8 1
thickness
median 21 28 30 26 19.3 8 7.3 9 2.1 3.7 4.3
width
max. 40 45 38 50 25 13 11 15 4.0 8.0 12
width
median 45 32 38 39 24 12 11.8 13 2.1 3.7 43
length
max. 70 100 >60 60 >30 20 30 20 4.0 8.0 12
length
hydrofacies
portion [%]
bGem 0 0 0 0 40 14 1 0 0 0 0
cGem 2 2 3 5 13 22 11 20 10 15 8
Gem 13 3 16 4 0 30 25 34 20 10 21
Gex 16 21 20 20 10 6 20 18 9 10 23
sGem 12 24 2 23 17 4 14 7 38 30 18
fGem 0 0 0 0 0 0 0 0 2 3 0
cGeg,a 4 0 0 0 0 1 0 0 0 0 0
Geg,a 23 10 13 5 5 6 2 5 1 0 2
sGeg,a 12 20 25 21 8 2 6 2 15 16 15
fGeg,a 2 0 0 0 0 0 0 0 0 5 0
Geg,o 0 0 4 4 3 0 2 0 1 0 0
Gem,b 8 5 9 2 2 2 0 2 0 0 1
GS-x 4 10 4 4 1 8 12 9 2 6 9
S-x 4 5 4 12 1 5 7 3 2 5 3

Table3.3: Summary of the statistics (lithofacies, depositional elements) carried out inthe studied gravel pits; (1) Hartheim,
(2) Haltingen, (3) Herten, (4) Rheinheim, (5) Wyhlen, (6) Pfullendorf, (7) Ingoldingen, (8) Ostrach, (9) Reichenbach,

(10) Bolstern, (11) Saulgau
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Fig. 3 6: Statistical survey within the studied gravel pits: the frequency of depositional elements, their size and occur-
rence of lithofacies-types enable the regional classification of gravel bodiesinto ‘ main-, intermediate- and minor dis-
chargeared . A) ratio of theelement groups (‘ cut and fill’/ “ accretionary’), B) size of ‘ cut and fill’ - elements, C) lithofacies
portions, D) comparison of the frequency of high permeable openwork gravels occurring within lithofacies alternating
gravel’ (Geg,a).
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3.7 Faciesmodels

Based on these three major facies assemblages, three
conceptual facies models could be deduced (Fig. 3.7)
for proglacial river systems appearing in regional
pal eodrainage systems of the Rhine glacier.

The'maindischargearea ischaracterized by large
and stabile channels with a permanent transport of
water and sediment. Discharge behaviour could be
described as high frequency/high amplitude. Deep and
large scour poals, with changing positionin time (mi-
gration), form particularly at channel confluences. Due
to their topographic deepest position within this flu-
vial system, these depositional elementsare preserved
preferentially (Siegenthaler & Huggenberger, 1993).
Channel accumulations (gravel sheets, gravel dunes)
deposited at elevated topographic levels remain only
asrelicsin these highly dynamic systems.

Within the‘intermediate discharge zone,” channels
are more smooth and less stabile. Small ‘ cut and fill’ -
elementsformlocally and remain at their position (no
migration). High magnitude floods easily can destroy
and reorganize the active fluvial system (moderate
frequency/high amplitude) resulting in apreservation
of small ‘ cut andfill’ - elements and channel deposits.

The lack of sorting processes (lithofacies fGem,
nearly complete absence of pure sand deposits) aswell
asthe small-scaled interfingering of sedimentary units
withinthe*minor dischargezone' indicates apulsatory
(flashy) transport and deposition of sediment (low
frequency/high amplitude). At low magnitudes, wa
ter is flowing only in small and less dynamic chan-
nels(rills) and no ‘ sedimentary work’ isdone. Flashy
high-magnitude events, however, lead to a short-term
transport and deposition of gravel dunes and gravel
sheets within the active zone.

3.8 Flow modeling

Following the procedure of Klingbeil et al. (1999) the
outcrop maps were digitized onscreen as arcs of dif-
ferent lithofacies at the bounding surfaces using the
GIS- software Arclnfo. The arcs were changed to
polygons, which were labeled by lithofaciesID"s and
connected to a polygon attribute table containing the
hydrogeol ogical parametersfor thelithofaciesaschar-
acterized above and listed in Tab. 3.2 (hydraulic con-
ductivity and porosity). This procedure results in a
high resolution permesability field based on the out-
crop (lithofacies) information (see Fig. 3.5). The poly-
gon based coverages can be transferred into a grid
with specified cell sizes. The grid cell sizewasin the
order of 5cm* 5cm aresolution that ensuresthat thin
non-horizontal elements (mostly the high conductiv-

ity units (cGcg,0, Geg,0 and sGcg,0) are adequately
represented and local scale dispersion could be ne-
glected. Thegriditself can than be exported as ASCI|
file data to a flow and transport model (in our case
finite-difference numerical code MODFLOW (Mc-
Donald & Harbaugh, 1984) and semi-analytical code
MODPATH (Pollock, 1989) and the particle tracking
module (PMPATH).

Theaquifer isassumed to be confined with ahydraulic
head gradient of 0.01 between the left and the right
hand fixed-head boundary. The advective transport
model starts with the distribution of particles aong
the left (inflow) boundary. The distribution of parti-
cles was based on the total inflow per cell aong the
inflow boundary. Fig 3.8 shows selected particle
pathlines trough the example data sets and illustrates
how the high conductivity units clearly focusthe par-
ticles (e.g. main discharge area, Hartheim). It is seen
that the heterogeneous structure of the subsurface leads
to the development of a considerable flow channel-
ling, with most of the flow to occur in the scour pool
dominated area, where medium to high conductivity
hydrofacies prevail. The intermediate and minor dis-
charge areas (Pfullendorf and Bolstern) display amore
homogenous flow field due considerable thick and
extended horizontal gravel sheets, although the water
flow is forced through higher permeable units (e.g.
lower part of Pfullendorf) even if they are separated
and quite small.

To compare the hydraulic signal for the different dis-
charge types, particle breakthrough curves were ac-
complished. For a direct comparison of the three pa-
rameter fields the Hartheim data set was reduced to
20.5 m (areafrom 20.5 m — 41 m). Arrival times for
1000 flux distributed particles are displayed on a cu-
mulative base in Fig. 3.9. The fastest arrival as ex-
pected occursin the main discharge areawhere higher
fractions of interconnected high permeability units
(hydrofacies cGeg,0, Geg,o, SGcg,0,) are present com-
pared to the other two sedimentary architectureswhich
show increasing arrival times. The mean arrival time
varies between 5.6 days and ailmost 18 days. The ob-
served long tailing of more than 10 % of the particles
(arrival times larger than 40 days) especialy in the
minor discharge area is due to extended low perme-
ability units (fGem). The observed hydraulic signal is
significantly different for the three discharge areas
indicating the importance of precise characterization
of the litho- and hydrofacies distribution. Vice versa
it might be possible to draw conclusions for the sedi-
mentary environment based on field tracer experi-
ments. Part of the ongoing research is to prove this
observations statistically.
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Fig. 3.7: Three major facies models derived from sedimentary architecture of regional styles of gravel bodies (see text

for explanation).
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Fig. 3.8: Comparison of permesability distribution and modeled flow linesfor thethree gravel body architectures. Pathlines
of 120 particlestracked through the different heterogeneity pattern. Inall casestheinitial distribution of particlesisflux
dependent on | eft hand side. In general the high hydraulic conductivity units (cGcg,0; Gcg,0, sGeg,0) clearly focusthe
flowlines(fromHeinzetal.).
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3.9 Conclusions

Glaciofluvial gravel-bed depositsform highly hetero-
geneous bodies. Facies analysis, and comparison of
numerous gravel pits (statistical surveys) revealed
threereoccurrent pattern of sedimentary architecture.
According to theregional appearance of these archit-
ectures distinct facies models have been deducted.
The river environments are thought to be controlled
by sediment supply, hydraulic gradient, valley cross-
section and particularly by the quantity of draining
water.

Threearchitectural pattern are classified: 1) gravel
bodies of the ‘main discharge area’ which are domi-
nated by a stacking of large cut and fill - elements
(scour pool fills), 2) gravel bodies of the ‘intermedi-
atedischargearea’ which are characterized by adomi-
nance of accretionary elements (e.g. gravel sheets)
and locally small cut and fill - elementsand 3) gravel
bodies of the ‘minor discharge area’ which show an
interfingering of many small-scaled accretionary -
elements with no distinct surface boundaries.

Themajor depositional el ements (trough el ements,
small dissection elements, horizontally bedded gravel
sheets, massive gravel sheets, cross-bedded gravel
dunes) show differences in their size, geometry and
internal structure and determine the distribution of
lithofacies.

The lithofacies types, which are crucia for the
hydraulic properties, have been transformed into
hydrofacies types. According to their genesis and
hydraulic properties 5 major lithofacies have to be
subdivided into 12 hydrofacies types. A range of 7
orders of magnitudes (10°ms? < kf < 107" ms?) have
been both measured in column tests and theoretically
calcul ated respectively.

Sedimentological outcrop wall mappings which
show an accurate distribution of lithofacies could be
transferred into 2-dimensional hydraulic parameter
fields. For each type of gravel body architecture a
numerical modeling of fluid flow and transport has
been carried out which showed, that the sedimen-
tologically classified gravel bodies (heterogeneity
pattern) are also characterized by a distinguishable
hydraulic responsesignal.

Thusit ispossibleto combinethe sedimentol ogical
analysis of extremly heterogeneous gravel deposits
with ahydrogeological characterization. Inthisstudy
it has been shown that sedimentary processes are
responsible for the genesis of heterogeneity pattern
which determinelocal groundwater flow in aquifers.
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4. Using 3-D georadar surveysto char-
acterize glaciofluvial gravel bodies:
subsurface- and calibration- studies
of braided river deposits

4.1 Chapter abstract

Closely spaced georadar profiles are used for a 3-D
characterization and comparison of glaciofluvial
gravel-bed deposits in pal eo-discharge zones of the
Wirmian Rhineglacier (SW-Germany). For thisstudy
use was made of previous sedimentological outcrop
investigations which revealed three regionally re-
occurring architecture styles of gravel bodies. For
each of these styles a 3-D georadar dataset has been
acquired in activegravel pitsin order to calibratethe
radar profileswith outcrop wallsand to analyse, in 3
dimensions, the depositional elementsand their stack-
ing pattern in the subsurface.

Theradar data are interpreted using principles of
seismic stratigraphy by mapping reflector termina-
tionsto delineate genetically related units. In particu-
lar, radar facies and radar sequence boundaries are
used to define and map depositional elements. Both
‘accretionary-" and ‘cut and fill-" depositional ele-
ments could be identified. ‘ Accretionary’ elements
are characterized by horizontal- to low inclined and
continuous reflector patternsterminating on flat ‘ se-
guence boundaries’ and represent deposits of gravel
sheetsand gravel dunes. In contrast ‘ cut andfill’ ele-
ments are characterized by low- to steeply inclined,
often discontinuousreflector patterns, terminating on
concave- to though- shape lower truncation bounda-
rieswhich areinterpreted as scour pool fillsand small
dissection elements.

The three regiona architecture styles of gravel
bodies can be distinguished based on the size and
proportion of ‘cut and fill’ elements. One style of
gravel body (typeA) revealsan amagamation of large
“cut and fill elements’ whereas the other two styles
are dominated by ‘accretionary’ elements and differ
by the proportion of smaller ‘cut and fill" elements.
The results clearly show that 3-D georadar surveys
are useful to reflect the sedimentary architecture of
gravel bodies. They provide detailed 3-D informa-
tion about depositional elements and their stacking
pattern which are difficult to reconstruct in outcrop
studiesalone.

4.2 |Introduction

Glaciofluvia gravel-bed deposits of dynamic braided
river systemsform highly heterogeneous bodieswith
regard to depositional elements, their internal litho-
faciesmake-up aswell astheir preservation (Siegen-
thaler & Huggenberger, 1993). Sedimentol ogists of -
ten have to reconstruct the fluvial environments on
the base of 1-D drill core information and/or 2-D
outcrop wall sections. However, for a detailed and
correct comprehension of apaleo-fluvia environment
as well as an adequate quantification of the corre-
sponding deposits, three dimensional information is
required (Brierley 1996).

Starting with the work of Ulriksen (1982) the
georadar- (or ground-penetrating radar-) technique has
been applied in sedimentology for a (continuous)
resol ution of sedimentary structuresand architectures
inthe shallow subsurface (about 2m - 40m). Thistech-
nique works well in low conductive sediments like
sand- and gravel deposits and many studies docu-
mented that the geophysical (dielectric) propertiesare
closely related to primary sedimentary structures.
Hence, 2-D radar profiles are often used for the in-
terpretation of the subsurface architecture. This has
been shown, for instance, for delta deposits (e.g. Jol
& Smith, 1991; Smith & Jol, 1992, 1997), for flu-
vial deposits (e.g. van Overmeeren, 1998; Bridge et
al., 1998; Vandenberghe & Overmeeren, 1999) and
for proximal glaciofluvia deposits (e.g. Huggen-
berger, 1993; Olsen & Andreasen, 1995; Bereset al.
1995). A large-scaled (>5m) arrangement of parallel
profilesor profilesarrangedin alarge-scaled grid ad-
ditionally enabled the geometrical demarcation of
prominent fluvial sedimentary units (e.g. Stephens,
1994; Bridge et a., 1995; Bristow, 1995; Asprion &
Aigner 1997). However, these measurementsare still
often inadequate to resolve the 3-D character of flu-
vial architectural elements. Recently, closely (<1m)
spaced radar profiles have been measured (e.g. Beres
et al., 1995; McMechan et a., 1997; Asprion &
Aigner, 1999) leading to a highly detailed cube of
continuous radar information. Bereset al. (1999), for
instance, illuminated the 3-D architecture of highly
heterogeneous braided river depositsin the Swisspart
of the Rhinevalley by using 3-D georadar data. The
results showed the possibility of an accurate map-
ping of architectural elementsand their stacking pat-
tern in the subsurface.

In this study 3-D georadar data are used to com-
pare different architecture styles of coarse-grained
braided river deposits. These different architectural
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styles have aready been documented in sedimen-
tological investigations of many gravel pitsinformer
discharge zones of the Rhine glacier (see chapter 3).
Thusthe major objectivesin this chapter are:

1) to calibrate the radar profiles with corresponding
outcrop walls in order to show the possibilities
for the resolution of highly heterogeneous gravel
deposits

2) to use 3-D georadar surveysin order to character-
ize the different architecture styles, geometries,
depositional elements and their preservation po-
tential in different regional environments

Theoveral aimisto complete an existing sedimen-
tological data base of lithofacies and preserved
depositional elements with 3D-georadar characteri-
zation and thus make it usablefor applied subsurface
studies (e.g. prediction of aguifer heterogeneity) in
the future.

4.3 Sedimentological background and
investigated sites

The facies analysis of fluvial gravel-bed depositsis
covered in the previous chapter (chapter 3) and here
only abrief summary isgiven.

The morphology of a fluvial system is mainly
controlled by the amount of discharge, sediment sup-
ply and the cross-section of the drainage area. In
proximal positions, braided river systemsare prefer-
entially developed. Coarse-grained glaciofluvial
braided river systemsare highly dynamic in terms of
their discharge behaviour (frequency and amplitude)
and their geomorphic changes (e.g. migration or avul-
sion of channels), resulting in highly variable depos-
its. Thefluvial environment can be reconstructed ac-
cording to therecord and preservation of depositional
(or architectural) elements (Miall, 1985; Siegenthaler
& Huggenberger, 1993), which are characterized by
specific external shapesand internal structures. Two
groups of depositional elements can be classified
(Heinz & Aigner, 1999):

1) ‘cut and fill" elements and 2) ‘accretionary' ele-
ments.

The first group is characterized by an erosive con-
cave lower bounding surface filled in a second step
with sediment. Examples are scour pool fillswhich
areformed at channel bends and channel confluences
(Ashmore, 1993) of abraided river system and small
dissection elements occurring, for instance, on bar-
complexes. In comparison, ‘accretionary’ elements

show an aggradational and/or progradational stratifi-
cation style build up on aflat lower bounding sur-
face. These depositsareinterpreted asin-channel ac-
cumulations and the dominant forms are ‘horizon-
tally stratified gravel sheets’, ‘ cross-stratified gravel
dunes’ and ‘ massivetraction carpets'.

Internally, depositional elements are characteris-
tically made up of different lithofacies types. In
glaciofluvial gravel deposits of the Rhineglacier area
themajor lithofaciestypesare: 1) poorly sorted gravel,
2) alternating gravel, 3) well sorted sand and gravel
and 4) cobble- and boulder- rich gravel. They arethe
result of transport- and depositional processes con-
trolled by flow energy and sediment charge (see chap-
ter 2.3.2 and chapter 3.4). The most frequent litho-
faciesis'poorly sorted gravel’ and occursin cut and
fill elements as well as in accretionary elements.
Lithofacies' alternating gravel’ (composed of alower
zone of bimodal to polymodal gravel and an upper
zone of graded, well sorted openwork gravel) appear
dominantly in cross-stratified elements (scour poals,
gravel dunes). ‘Well sorted sand and gravel’ are
mostly found as small lenses in areas of diminished
flow (e.g. inmarginal partsof scour poolsor inflow-
shadows of channel accumulations). In contrast litho-
facies' cobble- and boulder- rich gravel” indicate high
magnitude events and exclusively appear in accre-
tionary elements.

Comparison of 25 gravel pits in paleo-drainage
zones of the Wirmian Rhineglacier revealed three
regionally reoccurring sedimentary architectures of
gravel bodies classified herein type A, B and C.

A) Gravel deposits formed in a braided river envi-
ronment with high discharge (high frequency, high
amplitude discharge behaviour) and relatively
deep and stable channels are characterized by
abudant large scour pool fills. Regionally thistype
of gravel body mainly occursinthe Rhinevalley,
which drainaged the glacier to the West. In two
gravel pits of the studied discharge zone adequate
conditionsfor theacquisition of 3-D georadar data
have been found. One site near the city of Basel
(gravel pit Herten) is situated more proximal to
the Wiirmian Rhineglacier and the other site near
the city of Freiburg (gravel pit Hartheim) is situ-
ated more distally (see Fig. 4.1).

B) Gravel deposits formed in a braided river envi-
ronment with moderate discharge (moderate fre-
quency, high amplitude) and relatively smooth and
less stable channels are characterized by a domi-
nation of accretionary elementsand locally small
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cut and fill elements. Thistype of gravel body (B)
occurs in paleo-drainage zones North of the gla-
cier, towards the river Danube. A 3-D georadar
example has been acquired in the gravel pit of
Ostrach (Upper Swabia) whichisclosely situated
to thelast maximum ice-extension of the Wirmian
Rhineglacier (Fig. 4.1).

C) Gravel deposits formed in afluvia environment
withminor discharge (low frequency, high ampli-
tude) and unconfined and pulsatory transport of

8'E

sediment are characterized by elements of gravel
sheets and gravel dunes (accretionary elements).
Cut and fill elements (small dissection elements)
appear only rarely in the sedimentary record.
Again thistype of gravel body (C) appears more
in the northern paleo-discharge zones of the
Wirmian ice-sheet. 3-D georadar data has been
acquiredinthegravel pit Saulgau (Upper Swabia)
which is situated closely to the termina moraine
complex of thelast maximum ice-extension (Fig.
4.1).
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Fig. 4.1: Location of the studied sites in SW-Germany according to the last maximum ice-extension of the Wirmian

Rhineglacier |obe.
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4.4 Georadar method

Georadar profiling isahigh-resolution, shallow sub-
surface geophysical technique. Short pulses of high-
frequency electromagnetic (EM) energy (10-1000
MHZz) aretransmitted into the ground and dueto bulk
electrical properties of lithologies in the subsurface
some of the energy is reflected back to the surface
whereby the strength of reflected energy is approxi-
mately proportional to the differencesin relative per-
mittivity of the sediment interfaces. Attenuation of
energy increases aselectrical conductivity increases.
In fluvial sediments, for instance, penetration depth
is strongly controlled by the amount of clay and silt
particles. Resolution is controlled vertically by the
frequency of the used antennas (high frequency = high
resolution), whereas the lateral resolution is condi-
tioned by the ‘Fresnel-zone' (mean volume of the
reflected wave-front) which iscontrolled by thewave-
length and the depth of the object (lateral resolution
diminishes with depth). The theory of georadar and
principles of measurements are well described by
severd authors(e.g. Ulriksen, 1982; Davis& Annan,
1989; Huggenberger, 1993).

The georadar data presented here were measured
with aGSSl SIR-system 10A and apair of 300 MHz
antenna (separation of transmitter and receiver was
fixed to 1.4m). For thisstudy the used frequency rep-
resented the best compromise between high resolu-
tion and adequate penetration depth. Thus useful in-
formation was obtained to a depth of 6-10m below
surface. Common midpoint- and radar-tomography
measurements (e.g. Beres et a., 1999; Tronicke et
al., 1999) give an average near-surface wave veloc-
ity of 0.1m/ns, resulting in an effective vertical reso-
lution in the order of few decimetres. This has aso
been shown by the close comparison of georadar
records with outcrop wall sections.

Georadar reflectors appear to be associated with
changes in the residual water content of different
lithofacies types (Huggenberger, 1993) whichispri-
marily controlled by their grain-size and sorting. In
the studied gravel deposits clear reflections are ex-
pected between poorly sorted lithofaciestypes (poorly
sorted gravels, cobble- and boulder-rich gravels),
matrix-free, openwork gravel (upper zone of litho-
facies' alternating gravel’) and sand dominated litho-
facies types (e.g. well sorted sand, bimodal gravel,
sand-rich gravel).

Data acquisition was carried out in parts of the
selected gravel pits where soil and weathered mate-
rial has already been removed and uniform surface

conditionspredominated. The 3-D gridswerearranged
by parallel radar profileswith aspacing of Iminone
direction and 1-5minthe orthogonal direction, cover-
ing right-angled areas of 600-1750m?.

Data were processed with band-pass filter, auto-
matic gain control and Kirchhof - migration using
the PC - based system ‘Reflex’ (K.J. Sandmeier,
Karlsruhe, Germany). Further steps of interpretation
and visualization of the 3-D data were carried out
with the software programs' dicer dicer’ and ‘ Gocad'.

4.5 Results

4.5.1 Calibration of radar profiles

Cdlibrating radar data is important to appraise the
reliability of theradar method in different depositional
environments. Informer studies comparison hasbeen
carried out, for instance, with core data (e.g. Bridge
et al. 1995, 1998) or nearby outcrop faces (e.g. Hug-
genberger, 1993; Asprion, 1997; Rea& Knight, 1998).
In this study two methods were applied:

a) direct comparison of radar profiles with the exce-
vated outcrop wall and b) forward modeling of radar
images on the base of detailed outcrop wall maps.

4.5.1.1Direct comparison of radar profiles
with excavated outcrop wall

In the gravel pit Herten, several radar profiles were
measured and marked at the surface. During the
progress of excavation (parallel to the radar lines)
the vertical outcrop sections could be positioned ex-
actly at the sites of the previously measured radar
profiles resulting in a direct comparison of outcrop
wallsand corresponding radar image (see also Bayer,
2000).

One example of photographed outcrop wall, ra-
dar image and interpretation according to depositional
units (A-F) isshownin Fig. 4.2 and will be described
in the following.

Unit A ischaracterized inthe radar image by con-
tinuous and high amplitude, horizontal reflectors. This
simple pattern correspondswell with the horizontally
stratified gravel sheetsin the uppermost 1.8m of the
outcrop.

Within unit B inclined, low to moderate ampli-
tude reflectors downlap and onlap on relatively con-
tinuous high amplitude reflectorswhich show atrun-
cation of lower units. Both depth-position and ge-
ometry of unit B correspond well with the sedimen-
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tary ‘redlity’. Thelower base of thisdepositional unit
consist of amatrix-rich (silty) gravel-layer which is
responsible for the strong (double wavelet) reflec-
tion zone. Internally, unit B comprises trough cross-
stratified ‘ alternating gravel’ with alarge proportion
of openwork gravel. Reflectors in the radar image
indicate the inclined stratification but reflector dip-
ping not fully correspond to the angle of beds, par-
ticularly in the left part of unit B. Additionaly, the
number of bundles of lithofacies' alternating gravel’
ishigher than the number of reflectorsindicating that
not each single contrast or layer, respectively, can be
resolved.

The wedge-shape of unit C iswell represented in
theradar image. Thelow to moderate amplitude, dis-
continuous internal reflector pattern show that this
unit is comparatively homogeneous (mainly sand-
rich, poorly sorted gravel).

Unit D isconstructed by the cross-stratified litho-
facies‘aternating gravel’ (left and middle part) and
(sand-rich) ‘poorly sorted gravel’ (right part of unit
D). Intheradar image thisunitisnot clearly to iden-
tify. High amplitude reflectors appear in the left and
middle part of unit D where ‘alternating gravel’ is
situated below ‘poorly sorted gravel’ of unit C. In
contrast, in theright part of unit D low- to moderate
amplitudes are shown indicating slight contrasts of
lithofacies. Theinternal cross-stratification could not
be recognized without outcrop information.

Unit E is dominated in the outcrop section by
cross-bedded, ‘poorly sorted gravel’ where thin (5-
10cm) and discontinuous layers of openwork gravel
areintercalated. While position and geometry of unit
E can be identified in the radar profile, the internal
cross-stratification and their contrastsin permittivity
is not shown. On the contrary, the reflectors are
subhorizontal with low to moderate amplitudes.

Thelowermost unit F consists of sand-rich, poorly
sorted gravel intercalated with patches and discon-
tinuous beds of openwork gravels (10-20cm in thick-
ness) which indicate subhorizontal stratification. Unit
F and E show no clear boundary and are difficult to
separate in the radar image. The reflector pattern of
unit F can be described as subhorizontal, moderate
to highly continuous, with moderate to high ampli-
tudes. However, the length of reflectors do not cor-
respond with the discontinuous openwork beds as
seen in the outcrop section.

The detailed comparison of radar image and out-
crop wall showed that the depth position (vel ocity =
0.1m/ns) and external shape of the depositional units
arewell reproduced inthe radar profile. They can be
defined dueto reflector terminations, distinct reflec-
tor patterns and in some cases by the appearance of
high amplitude radar boundaries. The amplitudes of
reflectorsare controlled by the permittivity contrasts
between the single lithofacies types constructing the
depositional units. Thusthe contrastsin these gravel-
bed deposits are often more dominant within a
depositional unit than between them. Thismeans, that
for the demarcation of the units a sedimentol ogical
interpretation is required. In the upper and middle
part (Unit A,B,C) theinterna structure of depositional
unitshavewell been depicted in theradar image. Con-
trary this was not possible in the deeper parts (unit
D, E). Withinunit D, signalsof theinternal contrasts
are surely overlapped by the high contrast between
the interface of element C and D (especidly in the
left part). Within unit E it is assumed that the trans-
mitted wavelength (of the EM wave) was to long to
detect the small-scaled beds (5cm thick openwork
gravels), particularly because this unit is relatively
deep (3,2 - 4,8m) resulting in a (3-D) larger mean
volume of the transmitted wave (Fresnel zone), the
reflected signal, respectively. In unit F thislarger re-
flection volumeis probably responsiblefor therela-
tively continuousreflections, athough the openwork
gravel-layers are more discontinuous. Additionally,
when comparing outcrop and radar sections, it must
be considered that the image of radar profile results
of athree-dimensional reflection signal from the sub-
surface contrary to the ‘pure’ 2-D outcrop section.

Small-scaled lithofacies changes can not be rec-
ognized intheradar images. Thisisexplained dueto
3-D effects, interference of signals, diffractions, dif-
ferences in velocity and the theoretical resolution
(controlled by the wavelength and the depth). High
amplitude reflectors indicate high contrastsin rela-
tive permittivity but from this data aoneit is often
ambiguousto assign the correct change of lithofacies.
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Fig. 4.2: Comparison of outcrop wall and radar image within the gravel pit Herten. Position and external shape of the
depositional units (A-F) correspond well with the radar profile. Internal structures are indicated in the upper units
(A,B,C) whereaswithin thelower units (D,E,F) stratification isnot resolved adequately. Amplitudesrefer to changesin

lithof acies types but statements of single strata are ambiguous without outcrop information.
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4.5.1.2Forward modeling

A major problem for the calibration of outcrop sec-
tions with corresponding radar profiles is the high
organisatory and technical expenditure (planning of
excavation progress, exact positioning of thevertical
outcrop sections by the excavator) in the gravel pits.

In order to gain more calibration data GPR simu-
lations based on outcrop wall information were car-
ried out (Kowalsky et a.). Therefore, detailed out-
cropwall panelsof lithofaciesdistribution were digi-
tized on screen using the Gl S-software Arc Info (see
aso dataof chapter 3.6/3.8and Klingbeil et a., 1999).
The lithofacies are classified according to their ma-
terial composition (e.g. grain-size, sorting, texture)
which significantly determine porosity and water satu-
ration respectively. In Table 4.1 the values of poros-
ity, water saturation and the calculated velocity of
each of thedefined lithol ogiesis given. According to
their petrophysical parametersreflection coefficients
between the interfaces of lithologies can be calcu-
lated for EM waves. The numerical simulation was
carried out using a petrophysical model (described
in Wharton et al., 1980) and a centre frequency of
100 MHz for the transmitted wave. The presented
simulations have been carried out by Mike Kowal sky
(University of California, Berkeley) and a detailed
discussion of petrophysical theory, modelsand simu-
lation conditions are givenin Kowalsky et al..

Three examples (A,B,C) of GPR-simulations are
shown in Fig. 4.3. The upper parts of the examples
show thedistribution of porosity which represent the
lithofacies mapped in the outcrop. The lower parts

are the result of the simulations for each case. The
sel ected examplesdiffer in dimension of depositional
units and length and thickness of the lithologies. In
general, the complexity of sedimentary structures
(heterogeneity) increases from example A to C.

Example A shows relatively thick (0,8-2,0m)
cross-stratified units consisting of an alternation of
bedsindicating high contrastsin porosity (lithofacies
aternating gravel: white colours represent openwork
gravel and grey colours poorly sorted gravel). The
lowermost and uppermost part is characterized by ho-
mogeneous units with slight differences in porosity
(matrix-rich poorly sorted gravel). The GPR simula-
tion represent very well the size, shape and position
of the depositional unitsand their internal stratifica-
tion. In some cases single beds of mapped lithol ogy
are shown in the radar image and amplitudes corre-
spond with the contrasts of the interfaces.

Example B generaly shows smaller units which
are often homogeneous (dark grey and black colours:
poorly sorted gravel and cobble- and boulder rich
gravel). In parts, local intercalation of higher poros-
ity occursin patchesor small-scaed interdtratifications
(white colour: well sorted sands, light grey colour:
openwork and well sorted gravels). In the ssimulated
radar profile the main sedimentary units can be de-
tected but the small-scaled patches and cross-bed-
ded layers are geometrically not resolved. In some
parts the inclined stratification isindicated but it is
not possible to detect the thin single beds with the
used freguency.

lithofacies indicators porosity [n] water saturation velocity (m/ns)
values
bGem 0.08 0.13 1,16E+08
(c,b) Gem,i c¢Gem 0.17 0.13 1,19E+08
Gem Gem 0.13 0.13 1,18E+08
sGem 0.17 0.13 1,19E+08
fGem 0.18 0.13 1,19E+08
Gex Gex 0.15 0.17 1,16E+08
cGeg,o0 0.26 0.08 1,27E+08
Geg,a Gceg,o 0.26 0.08 1,27E+08
sGeg,0 0.23 0.08 1,25E+08
Gem,b 0.22 0.17 1,17E+08
sGem,b
fGem,b
GS-x GS-x 0.27 0.13 1,22E+08
S-x S-x 0.36 0.17 1,19E+08

Table 4.1: Summary of petrophysical properties of the classified lithofacies types used as input parameters for the
petrophysical model. Grainsize and sorting of lithofaciestypesinfluence both the porosity and theresidual content. The
resulting velocity contrasts are responsible for the reflection of radar waves.
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Fig. 4.3: Forward modeling of radar images on the base of detailed outcrop wall maps. Lithofaciestypeswere classified
according to their porosity (controlled mainly by grainsize and sorting). Theresulting radar images of the petrophysical

models were simulated using a frequency of 100 MHz and the data were migrated (Kirchhoff-migration) afterwards.
Complexity of theglaciofluvial gravel-bed depositsincreasesfrom example A-C illustrating the possibilities of resolu-
tion of theradar technique. A) relatively large-scal ed depositional unitswith simpleinterna structure (site Hartheim) are
very well reproduced in the corresponding radar image; B) geometry and location of prominent unitsareresolvedinthe
simulation but only some of the stratification structures areindicated (site Pfullendorf); C) interfingering of small-scaled
unitswith highly variableinternal structures (site Bolstern) are hardly to recognizein the radar image and only few units
can be detected.
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Example C is characterized by interfingering of
many small-scaled units. Internally some are cross-
stratified and very thin discontinuous beds of higher
porosity (openwork gravel, well sorted sand and
gravel) arefinely dispersed resulting in ahighly com-
plex porosity pattern. In the ssimulated radar profile
only few prominent structuresarevisible. Many parts
are characterized by asubhorizontal reflector pattern
with low continuity. It comes clear, that this highly
heterogeneous distribution pattern can not adequately
be resolved. In the radar image only some (few) of
the depositional units can sedimentologically bein-
terpreted.

Comparison of the different examples sheds some
light on the strenghts and limitations of the radar
method for the subsurface resol ution of these gravel
deposits. Simply structured, large units (example A)
can be resolved in detail and sometimes even infer-
ences about single beds and their contrast are possi-
ble. In contrast, highly complex, small-scaled con-
structions can not be detected in the simulated radar
profiles.

In general, the results of forward modeling are
very useful for the appraisal of possibilities of the
georadar method in different depositional environ-
ments. The advantage of the simulationsisthat sev-
eral scenarios can be carried out easily for one given
model. For example different wave-frequencies (reso-
lution and penetration depth) but also different water
saturation (important for the comparison of unsatu-
rated sediments versus saturated sedimentsrepresent-
ing aguifer materials) can betested (Kowalsky et al.).
Thus this method enables both to calibrate and to
predict reflector patterns of sedimentary environ-
ments.

452 Casestudies

4.5.2.1Gravel pit Hartheim / Herten

Thetwo studied sitesare situated in the Rhinevalley
(see Fig. 4.1). Sedimentologically, both case studies
show avery similar architectural style which corre-
spondsto gravel body type A (see chapter 4.3). Data
acquisitioninthegravel pit Hartheim was carried out
on the top floor of the outcrop. Soil and weathered
material have already been removed and radar lines
could be measured on adry and flat area of 1750m?.
The grid had a length of 50m in NE-SW direction
and a width of 35m in NW-SE direction. Pardldl,
continuously measured radar lineswere spaced at 1m

distance (35m lines) and at 5m distance perpendicu-
lar (50m lines). An electrical power line about 20m
away from the grid produced noise signals (hyper-
bolas) in the deeper part of some radar images.

Fig. 4.4A showsatypical radar profileof thissite
which is characterized by large units of inclined re-
flector patterns terminating (downlap and onlap) on
top of lower truncation surfaces. Reflectors are gen-
erally discontinuous showing high to low amplitudes.
These units are interpreted as cut and fill elements.
In some parts of the radar image horizontal to sub-
horizontal, more continuous reflectors occur, which
are interpreted as accretionary elements. A nearby
outcrop facerevealed arecord of complex scour pool
fillsand relics of gravel sheets confirming the radar
data.

Onesingleradar profileis often insufficient for a
correct interpretation of depositional elements and
several parallel and/or orthogonal linessignificantly
improvethereliability. Dueto the closely spaced ra-
dar lines acquired at this site it was possible to map
depositional elementsin threedimensions. Fromline
tolinethedepositional unitswereoutlined and traced,
also controlled by the orthogonal lines.

Theinterpretation is given in Fig. 4.5 and shows
athree-dimensional stacking of cut and fill elements
withrelictsof accretionary elements. The uppermost
units (unit 07 and 08) are interpreted as gravel dune
deposits, whileunit 02, 03, 04 and 05 represent scour
pool fills. The depositional elements are sometimes
far larger than the extension of the radar grid. Cut
and fill elements are often amalgamated and some
are clearly elongated in paleoflow direction (from S
to N). Extension and thickness of the detected cut
and fill elements are given in Fig. 4.8. It has to be
noted that these values represent minimum dimen-
sions, as incomplete detected cut and fill elements
must be assumed.

In order to obtain more data about dimensions of
cut and fill elementsin thisarchitectural styleof gravel
body (type A) asecond site (Herten) with an area of
28 x 44m was investigated with 3-D georadar sur-
veys. A similar architectural patternisrevealedinthe
radar profiles with a dominant preservation of large
cut and fill elements and few proportion of accre-
tionary elements (see also caption 2.6 and Fig. 4.2).
The thickness, length and width data of cut and fill
elements have been added to the ones of the site
Hartheimin Fig. 4.8.
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Fig. 4.4: Comparison of 2-D radar profiles reflecting different types of gravel body architecture. Data are processed
(bandpass filter, Kirchhof migration) and depositional elements are outlined within the images. A) amalgamation of
mainly large-scaled cut and fill elementsindicated by unitsof inclined reflectorsterminating on lower truncation zones;
B) dominance of accretionary elements (subhorizontal to horizontal reflector pattern) with local cut and fill elements
(small truncation zones); C) stacking of accretionary elementsindicated by subhorizontal reflector pattern.
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In both sitesradar images could beinterpretedto a
depth of 8-10m. Thisis probably due to the large di-
mensions of the depositional elements and thicker
lithofacies units with distinct petrophysical contrasts
(compare with Fig. 4.3A).

The obtained 3-D georadar data of thetwo inves-
tigated sites clearly reproduce the architectural style
of gravel body (type A). Depositional elements can
be interpreted and classified according to their ge-
ometry and their internal structure. Some of the ma-
jor depositional elements are shown in Fig. 4.10.

4.5.2.2 Gravel pit Ostrach

This outcrop revealed a sedimentary architecture of
gravel body termed here type B (see chapter 4.3).
Radar lineswere measured on amiddleterrace of the
gravel pit Ostrach, positioned about 6m below the
original surface. Acquisition was carried out in win-
ter and a thin (5cm) layer of snow covered the flat
gravel surface. The size of the grid was 20 x 30m.
Parallel radar linesof thelonger profilesweredirected
NW-SE and spaced 1m while the orthogonal profiles
(NE-SW direction) had adistance of 2m.

In Fig. 4.4B a characteristic radar image of this
siteisshown. Large parts of the image are character-
ized by a stacking of horizontal to subhorizontal re-
flectorswith moderateto high continuity. These zones
areinterpreted as accretionary elementsand anearby
outcrop wall revealed a dominance of gravel sheet
deposits (compare also to Fig. 4.3B). This reflector
pattern is disrupted by smaller and local truncations.
Internally low inclined, discontinuous, |ow to moder-
ateamplitudereflectorsoccur. These depositional units
arereferred to local cut and fill elements (scour pool
fills) as also seen in the nearby outcrop face.

Theinterpretation of the 3-D radar survey isshown
in Fig. 4.6. The lower truncation-zone of cut and fill
elementsisrelatively easy to delineate whereasit is
difficult to map the (sub-) horizontal reflector pattern
of stacked accretionary elements (i.e. gravel sheets).
Therefore, beside the cut and fill elements (e.g. unit
04, 07, 10, 14), only few dominant individual pack-
ages of horizontal reflectors of accretionary elements
have been mapped in the subsurface (e.g. unit 12). In
the uppermost 4m of the volume it was possible to
detect small-scaled cut and fill elementswhile below
only larger and more prominent units could be recog-
nized. Downwards from a depth of 7m no sedimen-
tological interpretation according to depositional ele-
ments could be carried out. It is clear that not every
depositional unit which would be noticed at the out-

crop wall isrepresented in the radar image. Thiscan
be explained by low contrasts, thin beds and rela
tively large mean reflection volumein comparison to
the size of the units (seeFig. 4.3B). Theinvestigated
radar volume revealed 11 local, partly amalgamated
cut and fill elementswhich are dightly elongated in
the direction of paleoflow (from SE to NW). Their
dimension areshowninFig. 4.8.

Generally, thearchitectural style of thegravel body
(typeB) can be sufficiently resolved by theradar data
and most of the prominent depositional elements
could be mapped and interpreted (seeaso Fig. 4.10).

4.5.2.3 Gravel pit Saulgau

Thearchitectural style of gravel body revealed at this
site is termed here type C (see chapter 4.3). Radar
lineswere measured on thetop floor of the gravel pit
where soil and weathered material has already been
removed. A grid of 30 x 20m was acquired on aflat
and dightly humid gravel surface. The longer lines
weredirected E-W and the orthogonal linesN-S, both
spaced at 1m distance.

A typical radar profile of the siteisshownin Fig.
4.4C. The whole radar image is characterized by a
subhorizontal, moderately continuous, moderate to
low amplitude reflector pattern. In this case the
sedimentological interpretation with regard to
depositional elementswasvery difficult. The nearby
outcrop walls showed an interfingering of diffuse
gravel sheet- and sometimes gravel dune- deposits
and only rarely very small-scaled cut andfill elements
occur (type C, compare also with Fig. 4.3, example
C). Hence, the interpreted surfaces shown in Fig.
4.7 do not represent mainly boundaries of depositional
elements but show relatively prominent and trace-
able reflectors, which reproduce the diffuse archi-
tectural style of the gravel body. Within the upper-
most 3m it was possible to detect 4 small cut and fill
elements. Their sizes(seeFig. 4.8) aresimilar tothose
of the site Ostrach but no directional elongation could
be recognized. Interpretation of the reflectors was
carried out to a depth of 5m. Below 5m, the signal
could not be interpreted anymore in terms of
sedimentology. This may be due to the low and thin
contrasts as well as the larger mean reflection vol-
ume of the radar wave.

In conclusion the 3-D radar patterns reflect the
sedimentary architecture of thisgravel body, particu-
larly inthe uppermost 5m. Depositional el ementsare
difficult to recognizein both the outcropwallsandin
the radar profiles.
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Fig. 4.5: 3-D georadar dataand spatial position of depositional elementsasinterpreted at the site Hartheim (gravel body
typeA). Surfacesrepresent the lower boundaries of depositional el ements. Deposits of unit 07 and 08 areinterpreted as
gravel dunes (accretionary elements) whileunit 02, 03, 04 and 05 build up complex scour pooal fills (cut and fill elements).
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unit 10

Fig. 4.6: 3-D georadar dataand interpretation of depositional elements obtained at the site Ostrach (gravel body typeB).

Flat and relatively extensive surfaces (e.g. unit 12 and 08) represent accretionary elements (gravel sheet deposits) while
small and slightly concave surfaces show the position of local cut and fill elements (e.g. unit 07, 10 and 14).
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unit 03

Fig. 4.7: 3-D georadar data of the site Saulgau (gravel body type C). The deposits are characterized by a subhorizontal

reflector patternindicating therecord of stacked accretionary elements (e.g. unit 02,04, 05 and 15). Rarely small-scaled
cut and fill elements could be detected (e.g. unit 03).
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Fig. 4.8: Dimensions of cut and fill elements as mapped with 3-D georadar surveys of the different investigated sites.
Within the sites Herten and Hartheim cut and fill elements are characterized by large dimensions within abroad range.
Site Ostrach can be distinguished from site Saulgau dueto the total number of detected cut and fill elementsand slightly
larger sizes.
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Fig. 4.9: Dimensions of cut and fill elements from the 4 investigated georadar sites. The three architectural styles of
gravel body can clearly be distinguished dueto the total number and sizes of the detected cut and fill elements. Notethat
the larger elements are often elongated in paleoflow direction.

4.6 Conclusions

In this 3-D georadar study, highly heterogeneous
glaciofluvial gravel-bed deposits have been investi-
gated in paleo-discharge areas of the Wirmian Rhine-
glacier lobe. Calibration of radar profiles has been
carried out using a) exact comparison of radar im-
ages with the corresponding outcrop sections and b)
forward modeling of radar images based on detailed
outcrop wall maps. Both showed that:

- depositional elements can well be detected in the
subsurface and interpreted according to their re-
flector pattern and external shape

- theinternal structureisoften indicated by thedip-
ping and termination of reflectors

- theamplitudes can bereferred to contrasts between
different lithofaciestypes constructing depositional
elements but no unambiguous evidence of single
strata properties can be given

In general, theresolution isafunction of wavelength
and depth aswell assize of lithofacies unitsand con-
trasts between the interfaces.

Different architecture styles of gravel bodieswere
characterized and compared using 3-D georadar sur-
veys. They wereinterpreted and classified according
to the preservation of depositional e ements(Fig. 4.10)

and could be distinguished due to the proportion and
size of cut and fill elements (Fig. 4.9).

Gravel body type A (examplesHartheim / Herten)
consists mainly of large units of inclined reflectors
terminating at alower truncation zone. They refer to
a stacking of cut and fill elements (complex scour
pool fills) which can be mapped clearly in the radar
images.

Gravel body type B (example Ostrach) are char-
acterized by a dominance of horizontal to sub-
horizontal reflectors (indicating gravel sheet depos-
its) and local erosional reflector truncations (inter-
preted as small cut and fill elements).

Reflectors of gravel body type C (example Saul-
gau) are dominantly subhorizontal and the diffuse
stacking pattern often disabled the mapping of deposi-
tiona elements. However, the stacking of small-scaled
gravel sheet- and gravel dune deposits as seenin the
outcrop wallsisrevealed in the 3-D radar pattern.

It has been shown that 3-D georadar surveys are
very useful to illuminate the architecture of glacio-
fluvia gravel bodiesand provideameansfor qualita-
tive and quantitative three-dimensional characteriza-
tion of these deposits.
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Fig. 4.10: Summary diagram on the geometry and internal structure of the major depositional elements occurring in
glaciofluvia gravel-bed deposits as detected in the 3-D georadar surveys.
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5. Using 3-D georadar surveysto char-
acterize glaciofluvial gravel bodies:
subsurface- and aquifer - studies of
meandering river deposits

5.1 Chapter abstract

Georadar surveys alow a destruction-free imaging
of subsurface structures such as variable sedimen-
tary unitsresponsible for aquifer heterogeneity.

In this chapter two examples of coarse-grained
meandering river deposits from valley-fillsin SW-
Germany (Neckar valley, Danube valley) are dis-
cussed using 3-D georadar surveys. The site in the
Neckar valley is characterized by extensive lateral
accretion structures (continuous, low inclined reflec-
tor pattern) and local channel fill structures (onlaps
of discontinuous reflectors on lower truncation
zones), both covered by overbank deposits (horizon-
tal to subhorizontal, partly smeared and indistinct
reflectors). In contrast, deposits of the Danube val-
ley sitearedominated by complex trough cross-strati-
fied units (discontinuous reflectors terminating on
lower truncation zones) interpreted as a stacking of
gravel dunes. Continuous, horizontal to dlightly in-
clined reflector pattern of the uppermost part indi-
cate upper pointbar (accretionary) deposits.

According to the sedimentol ogical interpretation
of the 3-D georadar information the paleo-fluvid style
and the depositional history can be reconstructed.

Additionally, the georadar images illuminate the
heterogeneity of the subsurface and allows the ap-
praisal of aquifer behaviour and prediction of local
groundwater flow, respectively. For instance, continu-
ouslateral accretion represent units of homogeneous,
low conductive but directed groundwater flow
whereas heterogeneous gravel dune depositsinduce
undirected, probably highly permeable flow.

5.2 Introduction

Several sedimentological and geophysical studies
have aready beeninitiated in glacial outwash depos-
its leading to a detailed characterization of coarse-
grained braided river deposits with respect to litho-
facies types, depositional elements and their preser-
vation potential (see chapter 3 and chapter 4). In
contrast, thereare only few datain the literature about
the sedimentary architecture of (periglacial) gravelly
meandering river deposits (Gustavson, 1978; Nijman
& Puidefabregas, 1978; Bluck, 1979; Ramos &

Sopena, 1986; Schirmer, 1995; Miall, 1996). In SW-
Germany, for instance, these deposits are rarely ex-
posed in outcrops and a detailed sedimentological
facies analysisis often prevented by a high ground-
water table.

However, periglacial fluvial gravel-bed deposits
form widespread aquifersin many valley-fills of cen-
tral Europe and elsewhere. In order to understand
groundwater flow and contaminant transport in these
often populated and industrialized regions adetailed
description of hydraulic parameter distributionisre-
quired. In unconsolidated sediments these hetero-
geneitiesare mainly controlled by sedimentary proc-
essesoperating in distinct pal eo-depositional systems.
Thiscausesacharacteristic distribution of lithofacies
types which determine the hydrogeological proper-
ties of the aguifer. Fluvial gravel-bed deposits are
characterized by lithofacies variability at the metre-
to decimetre scale incorporating several orders of
magnitudes of hydraulic conductivity.

Borehole dataare mostly inadequateto reflect the
complex sedimentary architecture of the subsurface
gravel deposits. Standard coring techniques destroy
thefabric and association of thelithof aciestypesand
only deliver a mean grain-size distribution. Hence,
even closely spaced core data are not appropriate to
provide an adequate picture of the natural distribu-
tion of heterogeneity (e.g. Ptak & Teutsch, 1994;
Jussel, 1994).

As aconsequence, application of high resolution
non-destructivetechniquesare demanded. Particularly
ground penetrating radar (GPR or georadar) is used
for several years for the detection of sedimentary
structure in the shallow subsurface (e.g. Huggen-
berger, 1993; Bridge et al., 1995; Asprion & Aigner,
1997; Vandenberghe & Van Overmeeren, 1999; Van
Dam & Schlager, 2000). In general, transmitted elec-
tromagnetic waves are reflected due to contrast in
dielectric properties of the lithofacies beds. Thisis
controlled by the material properties of the compo-
nentsand in particular by the water content (Huggen-
berger, 1993). Residual water content in the unsatu-
rated zone depends on the size of pores (capillary
water) whereasin the saturated zone the overall pore
volume is significant. More details about the tech-
nique and theory are given in e.g. Davis & Annan
(1989), Jol (1991), Huggenberger (1993). It hasbeen
demonstrated in the past that 3-D georadar surveys
are apowerful tool for accurate images of the spatial
distribution of sedimentary units and a few studies
have aready been initiated to characterize aquifer
heterogeneity (e.g. Young & Sun, 1996; Rea &
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Knight, 1998; Bereset al., 1999; Asprion & Aigner,
1999; see also chapter 4).

In this study the results of 3-D georadar surveys
are reported which were carried out within two dif-
ferent sites of periglacial valley-fills. The objectives
are (1) to show that the georadar technique is suit-
able for an accurate subsurface characterization in
the unsaturated and the saturated (aquifer) zone, (2)
to document different pattern of lateral accretion ele-
mentsin coarse-grained deposits and (3) to translate
the sedimentological radar interpretations into
hydrogeological heterogeneity patterns in order to
appraiselocal groundwater flow within depositional
elements of meandering river deposits.

8'E

5.3 Casestudy Neckar valley

5.3.1 Field siteLauswiesen

The field site Lauswiesen is situated in the Neckar
valley near Tubingen, SW-Germany (seeFig. 5.1). It
isused asanatural environmental research field site
in order to carry out hydrogeological and geophysi-
cal field investigation methods (Sack-K Uhner, 1996).
Hence, several coreswere drilled within arelatively
small area. A representativegrain-sizedistributionis
shown in Fig. 5.2. The investigated gravel deposits
consist mainly of Jurassic and Triassic limestone com-
ponents delivered from a nearby source area during
the last glaciation. Water has been supplied from the
9'E
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Fig. 5.1: Map showing thelocation of thetwo sitesinvestigated with 3-D georadar surveys. Both aresituated in periglacial

valley-fills(Neckar valley, Danubevalley).
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black forest area which was partly glaciated in the
Quarternary cold phases. Kleinert (1976) noted, that
the gravelly sedimentswere deposited during the cold
phases and probably might be reworked during the
Hol ocene (through ameandering river system). Par-
ticularly overbank fines have been deposited until the
18" century. The generally 9m thick gravel body is
covered at the Lauswiesen site by 0.5-2.0 m thick
overbank fines. The present groundwater table is
about 4m below surface (Sack-KUhner, 1996).

The georadar data were acquired on arelatively
flat, grassy ground using aGSSl SIR 10A system and
300 MHz antennas with a constant offset of 1.4m.
The 3-D survey covered an areaof 28 x 46m with an
inline and crossline spacing of 0.5m. Data process-
ing included tracetime zero correction, bandpassfil-
tering, AGC gain and Kirchhoff migration with a
constant velocity of 0.1m/ns(seeaso Tronickeet d.,
1999). Penetration depth waslimited dueto the over-
lying fine grained overbank deposits and a sedimen-
tological interpretation was only possible within the
unsaturated zone to a depth of 4m.

5.3.2 GPR resultsL auswiesen

Figure 5.3 shows a characteristic radar image of this
site. Itisdominated by inclined, moderately to highly
continuous reflectors downlapping on alower zone
(60-75ns). Duetointernal reflector terminationsthree

depositional units (unit 3,6,7) are determined. At the
left side of the profile this reflection pattern is dis-
rupted by adistinct erosional truncation. In this part
subhorizontal reflectors with moderate to low conti-
nuity onlap on the lower truncation zones and two
trough-shaped unitsare outlined. The uppermost part
(unit 1) ischaracterized by continuous, horizontal to
subhorizontal reflectorswhich arein places smeared
andindistinct. A depression structure can be outlined
downcutting to a depth of 2m. The lower reflection
pattern show comparatively smaller amplitudesin this
part of the profile.

The described magjor units can be identified and
traced through the 3-D georadar datawith the help of
different vertical cuts, horizontal timeslicesand chair
diagrams (Fig. 5.4A) alowing a sedimentological
interpretation and mapping of depositional elements.
Figure 5.4B showsthree extensive, inclined surfaces
(unit 3,6,7) which are interpreted as subunits of a
prominent lateral accretion element. The trough-
shaped units 4 and 10 were mapped as elongated
channel elementsshowing an aggradinginterna struc-
ture. Unit 1 represent the base of the covering over-
bank deposits. The 3-D shapeof thisunit revealsagain
achannelized depression. Thevoluminous enrichment
of fine grained sediments causes an increased at-
tenuation of the wave energy indicated by the lower
amplitudes of the buried units.
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Fig. 5.3: Characteristic radar image gathered at the Lauswiesen site and the corresponding interpretation according to
sedimentary units. Unit 3, 6 and 7 build up a prominent lateral accretion structure truncated by trough-shape channel
structures (unit 4 and 10). Unit 1 represents the covering overbank deposits.
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Fig. 5.4: 3-D visualization of the periglacial gravel deposits within the Lauswiesen site. A) continuous, high resolution
volume of georadar dataacquired withaninlineand crossine spacing of 0.5m; B) Spatia extension of detected depositional
elementsinterpreted from the 3-D reflection pattern.
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5.4 Casestudy Danubevalley

5.4.1 Field site Risstissen

Thesite Risstissen isan active gravel pit located at a
river terrace within the Danube valley sout-west of
the city Ulm (see Fig. 5.1 and Fig. 5.5). The upper-
most 3m of the gravel deposit are situated above the
groundwater table and another 5-6m are digged in
the saturated zone (see grain-sizedistributionin Fig.
5.2). A layer of 0.5-1.0m thick clay represents the
base of the aquifer. The investigated gravel deposits
consists mainly of alpine components delivered by
glacial meltwater from the Rhineglacier but also re-
gional (Jurassic limestones) material can beinterca-
lated. The age of this terrace is uncertain but can
roughly be placed into the ‘Wirm-Riss-Complex’
(Ellwanger et al., 1995).

The georadar datawere acquired on alower floor
of the pit a few centimetres above the groundwater
table. A grid of 100 x 30m has been investigated
(equipment as described before) with an inline spac-
ing of 2.5m (100m profilesin NNW direction) and a
crossline spacing of 5m (30m profilesin WSW di-
rection). The datawere processed using bandpassfil -
ter, AGC gain and Kirchhoff migration (constant ve-
locity of 0.07m/ns). Penetration depth of the radar
wave down to the base of the aquifer allowed achar-
acterization of the whole saturated gravel body.

Ulm

5.4.2 GPR results Risstissen

Figure 5.6 shows a characteristic radar profile gath-
ered at the site Risstissen. The basal clay layer which
represents the base of the aquifer can clearly be rec-
ognized asacontinuous, high amplitude doublewave-
|et reflector indicating ahigh contrast. Thefollowing
gravel depositsare dominated by complex and small-
scaled reflector patterns. The outlined units show (of -
ten high amplitude) lower truncation surfaces with
internally discontinuous, low to moderate amplitude
and inclined reflector patterns (downlaps and onlaps).
Contrary, in the uppermost 50ns (1.75m) a stacking
of subhorizontal to low inclined, highly continuous
reflectors occur which show downlaps, onlaps and

partly toplaps.

The 3-D structural analysis of the radar profiles
revealed severa phases of aggradation of depositional
elements (see Fig. 5.7). Within the deeper section of
the gravel body (phase | and I1) 17 depositional ele-
mentswith concave lower boundarieswere mapped.
According to their shape and internal structure they
are interpreted as gravel dune deposits. Their exter-
nal sizesarequantifiedin Fig. 5.8. Thelower bound-
ing surfaces frequently show a preferential inclina-
tion to the south and thus indicate alateral accretion
pattern of these elements. In the uppermost section
(phase I11) the lower base of the continuous, sub-
horizontal to slightly inclined reflector pattern can
betraced and only few depression- fill structures ap-
pear. The reflectors thus indicate an extensive and
composite lateral- and vertical - accretion element.
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Fig. 5.5: Regional situation and field site documentation of the Risstissen site.
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Fig. 5.6: Characteristic radar image gathered at the Risstissen site under saturated conditions. The gravel body isdomi-
nated by acomplex stacking of trough cross-stratified unitsinterpreted as gravel dune deposits. Only in the uppermost
part of the profile an extensive lateral and vertical accretion element isrecorded.
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Fig. 5.7: Aggradational pattern of a gravel-bed meandering river system revealed with 3-D georadar surveys at the
Risstissen site. In phase| and |1 (separated by amajor erosional surface) exclusively gravel dune deposits are recorded.
Phaselll ischaracterized by the preservation of acompositelateral and vertical accretion element. Notethat in phasel|
thetrough-shape surfaces show preferential inclination to the south indicating alateral accretion pattern of gravel dune
elements.
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Fig. 5.8: Quantified scales of gravel dune elementsasde-
tected in the 3-D georadar survey of the Risstissen site.
Note that the lateral scales (Ilength and width) are partly
limited by the size of theinvestigated radar grid.

5.5 Discussion

The presented 3-D georadar data showed that it is
possible to map in detail sedimentary units of mean-
dering river depositsin the subsurface. However, an
appraisal of their small-scaled lithofacies make-up can
not be derived from the georadar images (reflector
pattern) alone and additional information (e.g. mod-
ern river- or outcrop- studies, petrophysical proper-
ties) are required.

In Fig. 5.9 a modern composite gravel meander
lobeisillustrated (Gustavson, 1978) which shows a
characteristic distribution of geomorphic elementsand
flow directions. Gravel dunes, called transverse bars
by Gustavson (1978) occur along the cut bank in the
deepest level of theriver system. These bedformsare
characterized by a dlip face at the downstream end
and alithofacies composition of cross-bedded, partly
openwork gravels (aternating gravel, gravel couplets,
see chapter 3.4.4) occur. In the intermediate level of
the point bar, a diffuse stacking of gravel sheet de-
positsdominate. Thisbedform type appearsfrequently
in gravel-bed deposits and consists of thin beds of

sand to gravel mixtures (Whiting et al., 1987; Siegen-
thaler & Huggenberger, 1993; seealso chapter 3.5.3).
The uppermost level is constructed of overbank de-
posits of sand and fines with occasionaly thin inter-
calations of gravel deposits (Gustavson, 1978).

The complex stacking of trough-shaped, cross-
bedded units (termed here gravel dunes) dominating
at the site Risstissen are thought to be analogous to
the sedimentary record of thetransverse barsdescribed
by Gustavson (1978). The internal cross-stratified
(discontinuous, low to moderate amplitude) reflector
pattern probably represent the small-scaled bedding
of aternating (openwork) gravels. In contrast, the
continuous, subhorizontal to low inclined reflector
pattern as recognized in both the Lauswiesen and
Risstissen sites indicate the record of gravel sheet
deposits. Upper level overbank deposits were only
preserved at the L auswiesen site and show in particu-
lar astrong attenuation of thewave energy. Theinter-
nal reflector structures may be induced by intercala
tion of thin gravel deposits. The detected channel fill
structures (unit 4 and 10) of the Lauswiesen site are
interpreted as chute channels dissecting composite
point bars during high magnitude events.

Other geophysical parameters (velocity, attenua-
tion) were measured at the research field site Laus-
wiesen using crosshole radar tomography (Tronicke
et a. 1999). In the location of unit 4 and 10, excep-
tionally high values of the radar wave velocity have
been measured. Thisindicatesrelatively low amount
of residual pore water and asmall proportion of ma-
trix within the gravel deposits, respectively. Asacon-
clusion, dominantly openwork, aternating gravel may
be expected for the internal lithofacies construction
of the investigated chute channels.

In general, the recorded depositional elements of
both periglacial valley-fills show evidence for mean-
dering paleo-fluvial river systemsin theseareas. The
Risstissen site provides an example of a multi-phase
aggrading meandering river system. Particularly the
record of gravel dune deposits (or transverse bars)
showed a preferential preservation of depositional
elements formed in deeper levels of the fluvial sys-
tem during phasel and I (seeFig. 5.7). A continuous
erosion and reworking of the intermediate and upper
level deposits was caused by the lateral shift of the
meander belt over the whole valley indicating alow
aggradation of the depositional system. Only in phase
Il (Fig. 5.7) therate of aggradation was high enough
to preserve dightly inclined gravel sheet deposits
formed at an intermediate level of a pointbar.
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At the Lauswiesen site (where only the upper 4m
of the 9m thick sediments could be characterized with
the georadar method) a depositional history of the
valley-fill is ambiguous. The detected depositional
elements (lateral accretion, chute channel, overbank
fines) probably represent only the upper part of the
paleo-meandering river system.

With regard to the hydrogeological characteriza-
tion the investigated sites provide two types of het-
erogeneity pattern occuring in gravel-bed meander-
ing river deposits. Figure 5.10 shows a summary of
radar pattern, structure and dimension of depositiona
elements. In combination with sedimentol ogical back-
ground information (e.g. outcrop- and modern river
studies) acharacterization in terms of hydraulic per-
meability and flow path behaviour is given. Gravel
dune deposits which are formed in the deepest level
of the active channel belt contain a high proportion
of high conductive openwork gravelswhich are prob-
ably often interconnected. However, the complex
stacking pattern, as seen at the Risstissen site, causes

a multi-directional (confuse) groundwater flow in
these places. In contrast, the slightly inclined gravel
sheet depositsformed at an intermediate level of the
point bar (or channel) construct a homogeneous
depositional element (sand to gravel mixture) and
overall moderate to low permeability is predicted.
Yet, theflow paths arelikely to be directed along the
continuoudly inclined beds. The channd-fill structures
(chute channel s) detected at the L auswiesen site con-
tain anincreasing proportion of openwork gravels. It
is to be expected, that these structures may act as a
focused zone of high permeability within the aquifer
and can switch thelocal groundwater flow according
to their direction. If preserved in the sedimentary
record (within an aquifer) overbank deposits surely
represent aflow barrier which can laterally range over
extensiveareas. Thusitispossiblethat these elements
create compartmentsof vertically stacked aquifer sto-

reys.

LOWER STAGE FLOW DIRECTION

[T > UPPER STAGE FLOW DIRECTION

T VEGETATION STABILIZED GRAVEL

‘. ATER
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TS0 GRAVEL SHEET EDGE
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Fig. 5.9: Diagram of the distribution of depositional elements for a composite gravel meander lobe from Gustavson
(1978). Note that transverse bar elements are termed gravel dune depositsin this study.
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Fig. 5.10: Summary of the major depositional elements found in gravel-bed meandering river deposits of periglacial

valley-fillsin SW-Germany. For accurate lithofacies and hydraulic predictions, an integration with analogue studies

(outcrops, modern river) or additional geophysical methods (providing petrophysical properties) isrequired.
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5.6 Conclusions

Thisstudy records 3-D georadar surveyswhich have
been carried out in periglacial valley-fillsin order to
characterize meandering-river gravel deposits:

(1) Thegeoradar method provide adetailed structural
image of the spatial subsurface and worksbothin
the unsaturated and saturated (aquifer) zone.

(2) Inboth sites (Neckar valley, Danube valley) char-
acteristic depositional elements of meandering
river systems could be identified and detected in
three dimension (gravel dunes, lateral and verti-
cal accretion, chute channels, overbank deposits).

(3) The preservation and stacking of depositional el-
ements which are formed in different positions
within ameandering river system can berevealed
intheradar profilesand provideinformation about
the depositional history of thevalley-fill.

(4) Detailed and closely spaced radar information al-
low the characterization of aquifer heterogeneities
in the subsurface; permeability and flow pattern
may be predicted by the shapes and orientation of
depositional elements.

Although, georadar images provide adetailed struc-
tural resolution of the subsurface they do not allow
accurate prediction of the lithofacies make-up of
depositional elements. Additional information isre-
quired, such as anal ogue studies (e.g. outcrop, mod-
ern river) or acombination of different geophysical
methods delivering petrophysical parameters which
increase the predictive potential of georadar data.
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6. Characterization of glacial gravel
bodies: outcrop analysis, mor phol-
ogy and georadar surveys

6.1 Chapter abstract

Glacially influenced landscapes are characterized by
a highly complex distribution pattern of sediments
which have been formed within various glacial envi-
ronments of dynamically behaving glacier systems.

This study focus on meltwater controlled facies
bodies which have been investigated inside the area
of the last maximal ice-extension of the Rhine gla-
cier in SW-Germany. Lithofacies types and their
stratal organization and stacking pattern were ana-
lysedin activegravel pitsindicating both depositional
processes and postdepositional deformation struc-
tures. The internal sedimentary architecture is com-
bined with external geomorphological features de-
rived from digital elevation models of the area. The
studied gravelly meltwater deposits can be classified
into four glacial environments:

(1) delta and kames delta deposits often occur in
icemargina environments. They are characterized
by large foresets of well sorted gravel and sand
dtrata. Externally they show either flat surfaceter-
race landforms but also high-relief hill-shaped
morphol ogies have been recognized;

(2) supraglacial sourcesareindicated by very coarse,
poorly sorted and cruedly stratified deposits with
frequently angular- to subangular components.
Hugeice-collapse structuresindicate postdeposi-
tional melting of buried ice which caused a high-
relief hummocky terrain;

(3)englacial environments show both syn- and
postdepositional deformation structure. Theinves-
tigated exampleisinternally made up of complex
sedimentary units consisting of well rounded and
well sorted gravel and sand deposits formed un-
der changing flow conditions. The external hum-
mocky morphology is determined by local sedi-
ment accumulation and post-depositional ice de-
cay;

(4) subglacial meltwater deposits often show posi-
tive morphological shapeswhich can be described
as drumlin-like or hummocky-like landforms.
Sedimentologically, inclined avalanche beds of
well sorted, well rounded gravel or sand- depos-
its predominate.

Additionally, georadar surveyshave been carried out
within outcrops and nearby areas. Theresultsclearly
reflect the complex structural architecture of glacial
gravel bodies and can be used for the detection and
interpretation of meltwater deposits in regions with
lack of outcrop and core information.

6.2 Introduction

Glacial deposits are characterized by an enormous
range of lithofacies associations, deformation struc-
tures and external morphologies which have been
formed in different environments within a glacial
system. A review of numberless studies and a sys-
tematic classification of sedimentsand formsaswell
astheir genetic processes and dynamicsiis provided
by Menzies (1995, 1996).

The Rhine glacier represents atypical alpineice
lobewhich hasbeen accumulated in the high-elevated
areas of the Alps, advanced to the North in high-re-
lief mountain valleys and spreaded out into the al-
pine foreland during several climate cycles of the
Pleistocene. Alpinevalley glaciersmoved under wet-
base or temperateice conditions on their substratum.
This means that the often coarse-grained alpine
sediments have been transported to the foreland both
through ice- and through (subglacial) water-forces.
The (Wirmian) alpineforeland can be described asa
moderate-relief areacontrolled by structured Molasse
rocksand older Pleistocene morphol ogies (Ellwanger
et al., 1995). As pointed out by Menzies (1996) to-
pography playsanimportant rolewith respect to gla-
cial dynamicsand sedimentation. Particularly during
deglaciation stagnant i ce became concentrated in val -
leys and basins and eventually separate into isolated
iceblocks. Asaresult, sedimentation is concentrated
between stagnant ice and valley side and around bur-
ied ice blocks as well as in subglacial conditions
(Menzies, 1996).

Inthisstudy some of these deposits are character-
ized (in alocal scale) which were formed within the
Rhine glacier area after the last maximal ice exten-
sion during different stages of iceretreat and ice de-
cay, respectively. The purpose of this chapter is to
show and describe afirst inventory of gravelly and
sandy facies bodies. The present analysis combines
(1) process-oriented facies analysis carried out in
outcrops, (2) morphological features derived from
digital elevation modelsand (3) geophysical subsur-
face studies using georadar surveys.
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An enormous number of local and regional stud-
ieshasalready been carried out in the German Rhine
glacier area, for instance by Weinhold (1973), Ger-
man (1976), Rappol (1979), De Jong (1983) and
Keller & Krayss(1980) to nameonly afew (seeaso
Schreiner, 1992). For stratigraphic classificationsthe
reader isreferred to studies of Ellwanger et al. (1995)
and Fiebig (1995).

6.3 Overview of the investigated outcrops

Glacial gravel bodies have been investigated in out-
crops in al parts of the SW-German Rhine glacier
area (see also chapter 2, Fig. 2.2). In this chapter 7
sites are selected in order to show in detail some of
the characteristic facies bodies of meltwater depos-
its. These sitesare predominantly situated in the east-
ern part of the Rhine glacier lobe (see Fig. 6.1). A
photo documentation of the remaining outcrops stud-
ies of glacial gravel depositsis given in the appen-

dix.

digital elevation model (4 timesvertical exaggeration) and position of the 7 selected sites: 1) Oberankenreute, 2) Tettnang,
3) Baindt, 4) Grenis, 5) Maria Tann, 6) Edenhaus, 7) Gebrazhofen.
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6.4 Results

6.4.1 Iceemarginal delta bodies

In this section examples of delta bodies are docu-
mented which frequently occur inice-marginal envi-
ronments of retreating ice masses. According to
Nemec (1990) an alluvial deltacan be described asa
prism of sediment which has been deposited by an
aluvial system into abody of standing water. Thus,
the principle mode of sediment transport changes
from stream-driven bedload traction dominating in
aluvid systemsinto gravity-driven mass-movements
on subaquas slopes of adeltasystem (Nemec, 1990).
All investigated delta deposits consists of coarse-
grained (gravelly to sandy) materia that has been
deposited in shallow lake environments. An exten-
sive and detailed compilation of coarse-grained del-
tas incorporating for instance the descriptions and
classifications of modern and ancient systemsaswell
astheir sedimentary processesisfound in Colella&
Prior (1990).

6.4.1.1Gravel pit Oberankenreute

Thegravel pit Oberankenreuteis situated at aninner
edge of aterminal moraine complex which has been
formed during a stagnant phase of an overall icere-
treat (seeFig. 6.1, no.1). Theinternal construction of
this high-relief ridge-like substratum is excavated
within a nearby outcrop (Unterankenreute) reveal-
ing deformed (folding structures) fluvial and deltaic
gravel deposits as well as cohesive debris flow de-
posits (interpreted as flowtills) both indicating close
ice/source contact.

Contrary, inthe gravel pit Oberankenreutetypical
Gilbert-type delta deposits (e.g. Nemec, 1990) can
be recognized at an outcrop face, with relatively steep
gravelly delta foresets prograding over horizontally
stratified sandy bottomsets (Fig. 6.2). Thetopsetsand
upper parts of the foresets had already been removed
inthispart of thegravel pit. According to the dipping
of foreset strata (directed to NNW) a distributary
aluvial system delivering sediment from SSE ispre-

15 20 25

length [m]

Fig. 6.2: Gilbert-typedeltaexposed at the gravel pit Oberankenreute. Gravelly deltaforsets prograde over sandy bottomsets

(topsets are already removed).
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litho- ; :
- o interpretation /
photo facies description processes
code
strafied gravels and
gravel to sand mixtures;
- grain-size: coarse sand to gravel; cohensionless
Gmx / - dominantly matrix-supported avalanche process
GSx (sandy matrix); (fluidal and gravity driven)
- rounded to subrounded clasts
- prefered clast orientation: a(p), a(i)
massive gravels (d = deformed) .
- grain-size: sand- to cobble cohensionless
- clast supported avalanche process
Gem,d | - rounded components (combination of liquifed flow

- gradually steeper clast orientation
from the bottom to the top

and slides with compression
during final deposition)

- angular boulder intercalated
within finer and rounded
gravelly material

dropstone (resedimented?)

graded gravel (a = alternation)
- upper zone: open framework
- lower zone: bimodal
- clast supported
- rounded components
- no prefered clast orientation

gravity-driven grainflow
(basal reworking of
previous sand deposits)

S-x.cr

stratified sand

(cr = climbing ripples)
- medium sand

(with pebbly intercalations)
- climbing ripples migrate

in upslope direction

backflow currents
on a delta slope
(during and lateral
to turbidite avalanches)

S-x,cr

stratified sand
(cr = climbing ripples)
- grain-size: medium sand
- lower zone: ripple progradation
and aggradation
- upper zone: ripple aggradation

suspension-rich flow
(sandy bottom sets)

Fig. 6.3: Summary of some major lithofacies types occurring in coarse-grained delta systems in the SW-German

Rhineglacier area.

S-x,d

stratified sand
(d = deformed)
- grain-size: medium to fine sand
- single beds are often graded
- intercalation of pebbly layers
- folding structures
(deformation) within one zone

distal turbidites
(syndepositional slumping)
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sumed. Maximal angle of the convex foreset inclina-
tion reaches 25° and often atangential transitioninto
bottomsets is visible. At the same time the single
foreset units pinch out downslope within arelatively
short distance of 5-15m. The horizontally stratified
sand-dominated bottomsets frequently show climb-
ing ripple structureswhich indicates high sedimenta-
tion rates. Figure 6.3 givesasummary of lithofacies
typesoccurring in coarse-grained deltaenvironments
(seetable 3.1 for lithofacies-code).

In Fig. 6.4 apossible paleo-depositional scenario
isillustrated which is based on the outcrop analysis
and the recognized modern morphological features.
During ice retreat alake has been dammed between
ridges and highs (terminal moraine complex in the
East) and blocking ice masses (in the western part).
For probably only a short time span an aluvial sys-
tem delivered huge amounts of coarse sediment into
the lake creating a rapidly prograding delta system.
A relatively long-term establishment of the fluvial
input into the dammed water body would havefilled
up thislocal and shallow lake environment. Thus, it
is concluded, that the alluvial system ‘quickly’
changed position to the West during progressive ice
melting.

A similar Gilbert-type delta has been studied at
the gravel pit Bohringen using georadar surveys
(Asprion, 1998; Asprion & Aigner, 1999). Figure 6.5
showsoneof the georadar profilesreflecting the char-
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acteristic tripartite depositional geometry with
distributary braided river deposits (delta topset seg-
ment) prograding onto relatively steep deltaforesets
(foreset segment). In the lowermost part low gradi-
ent delta-toe deposits (bottomset segment) are vis-
iblein the radar image (see aso Fig. 6.6).

6.4.1.2 Gravel pit Tettnang

The gravel pit Tettnang is situated within aterrace-
shape morphology at the eastern margin of the
Schussen valley south of the city of Tettnang (see
Fig. 6.1, no. 2). It represents alarge excavation area
of about 2km?in size.

The outcrop faces show thick (up to 20m high)
depositsof an ancient Gilbert-type deltasystem (Fig.
6.7). The walls are dominated by a massive unit (>
15m) of large and steep foreset strata. In the upper-
most part 2-4m thick horizontally stratified topset
beds erosively cover the foreset segment. A transi-
tion of theforesetsinto lower bottomset depositshave
not been revealed but in parts of the excavation area
basal sand deposits have been recognized.

Dipping of the foreset units (15-35°) as well as
imbrication measurements of the fluvial topset de-
posits show aclear paleo-flow direction from East to
West. A progradation of the Gilbert-type system over
several hundreds of metres could be traced in this
direction.

fluvial
input

Fig. 6.4: Digital elevation model (4 times vertical exaggeration) and possible scenario of delta deposition at the site
Oberankenreute. During ice-retreat a short-term lake environment was established with afluvial input from SSW.
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Fig. 6.5: Georadar imagerevealing acharacteristic Gilbert-type delta: 1) complex topset deposits of adistributary plain,
2) prograding deltaforsets, 3) horizontal bottomsets (georadar data from Asprion, 1998).
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Fig. 6.6: Characteristics of coarse-grained deltasystems:
A) geometrical featuresof 1) conical underwater delta, 2) Gilbert-type delta;

B) gravity-driven sediment-transport processes operative on steep slopes of coarse-grained deltas.
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Fig. 6.7: Outcrop face of a Gilbert-type delta (gravel pit Tettnang). Large prograding delta forsets are truncated by
horizontally stratified topsets.
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Withintheforeset segment singleforeset bed pinch
out either upslope or downslope and distinct erosional
surfaces can be recognized (see Fig. 6.7). According
to thefabric, texture and stratification of singlelitho-
facies types the major avalanching processes can be
described as flow with fluvial and plastic behaviour
(turbidites, liquified and debris flow) as well as fall
mechanism (e.g. grainflows) (Fig. 6.6). The major
occurring lithofaciestypesaresummarizedin Fig. 6.3.

However, in contrast to the Gilbert-type deltasys-
tem of Oberankenreute, features of direct ice contact
have been noticed:

1) normal faults: the association of foreset bedshave
in parts been destroyed by extensive stress caus-
ing normal faults. This can be explained by the
retreat of melting ice masses after and during delta
sedimentation;

2) dropstones. angular and partly very coarse com-
ponentsareirregularly intercalated in the continu-
ousavalanche deposits (consisting of well rounded
particles). These components are interpreted as
‘drop-deposits’ from melting ice blocks (see Fig.
6.3).

3) diamict deposits. an interfingering of diamict de-
posits and delta foresets have been found at one
basal place of the excavated area. The diamict
deposits are intercalated with coarse, stream-
driven gravel depositsboth deformed by ice-com-
pression stress.

As a consequence the Gilbert-type delta system of
Tettnang is classified as an ancient kames delta. In
Fig. 6.8 a sketch of a possible local paleo-environ-
ment is illustrated based on outcrop and modern
morphological information.
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6.4.1.3Grave pit Baindt

Thegravel pit Baindt issituated at thetop of anrela
tively high-reief hill near thejunction wherethe deeply
incised river Wolfegger Ach joinsthe Schussen val-
ley (see Fig. 6.1, no. 3)

In chapter 2 (see also Fig. 6.9) this gravel body
has already been introduced as an example of a
coarse-grained deltafacies body. However, the clas-
sical tripartition of topset-, foreset- and bottomset-
segments is missing. Instead, there is atransition of
large convex deltaforsets going into bottomsetswith
agradual decreasein dip angle. A range of maximal
25° at the upper part of the foresets to 2-5° within
the bottomsets has been recognized. Topset bedswere
totally absent in the outcrop. According to the dip of
the foresets a pal eo-flow direction to NNW isrecon-
structed.

The foreset strata show both downslope thinning
and downslope fining resulting in an overall lateral
fining trend. Theforeset strataconsist mainly of strati-
fied sand to gravel mixturesaswell asmassivegravel
lithofacies types (see Fig. 6.3). Clast orientation in
thesand to gravel lithofaciesisfrequently paralel to
flow (a(p)) indicating a relatively high shear rate
within liquified or debris flow avalanche processes.
At one place adownslope migrating gravel bedform
was recognized which indicates even astream-driven
tractional bedload transport on the slope. The low
gradient bottomsets are dominated by sand material
with adistally increasing proportion of silt and clay.
Gravelly intercal ations appear asthin sheetsor within
small-scaled channels.

N 4
. ,\\0(\\ ice ?
e
ice _
«— fluvial input :
%
e
1.0 km - Ice

AL

Fig. 6.8: Possible scenario of apaleo-kames deltaat the site Tettnang; derived from outcrop information and morphol ogi-
cal data(digital elevation model, 4 timesvertical exaggeration).
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Fig. 6.9: Outcrop face at the site Baindt showing aconical delta-geometry. Gravelly dominated forsets gradually change
into sandy bottomsets. Note the absence of topset deposits.
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According to Nemec (1990) this coarse-grained
deltaisclassified asaconical underwater delta (see
Fig. 6.6). Although this type of delta has only been
described in deep coastal settings (e.g. fjordsin Nor-
way) theforeset geometry and thelack of topset beds
look comparable. In contrast to Gilbert-type deltas
there is no subaerial distributary fluvial plain but a
localized (narrow) sediment input into the standing
water body.

Figure 6.10 gives one possible scenario which
could have lead to the developement of this conical
deltabody on an elevated position. It is conceivable
that during ice decay the ice-masses within the
Schussen valley blocked the subglacial pathwaysfrom
the East (the valley of the modern Wolfegger Achis
interpreted as an ancient subglacia tunnel valley).
Thus, sediment charged subglacial meltwater was
pressed up the northern valley border. When the wa-
ter reached the top of theice alocal |ake could have
been created dammed by ice-masses and other
morphologies. When entering the lake environment
the delivered sedimentsthen were deposited asaconi-
cal aggrading and prograding delta system.

A direct contact of the delta sedimentsto theice
islikely, because several normal faults have been rec-
ognized particularly at the SW part of the outcrop
(seeaso Fig. 6.9).

localized subglacial input

6.4.2 Supraglacial sediment complex

There is no clear distinction between ice marginal
and supraglacial environments and several deposi-
tional systems appear within this marginal complex
(Brodzikowski & Van Loon, 1991). The classifica-
tion used in this study mainly take into account the
degree of roundness/angularity of the clasts. Thus,
supraglacia gravel depositsare characterized here by
a high proportion of angular and subangular very
coarse components directly delivered from the ice
surface.

6.4.2.1 Grave pit Grenis

The Grenis pit is located in a north-sloping terrain
forming part of an E-W elongated and curved belt of
irregular hills (see Fig. 6.1, no. 4). The morphology
is characterized by a high-relief hummocky terrain
which ends abruptly with a steep slope to the south
(basin situation). Previous studies have already been
initiated in this outcrop by Weinhold (1973), De Jong
& Rappol (1983) and Fiebig (1995).

The up to 35m high outcrop faces consist mainly
of subhorizontally layered, dominantly coarse-grained
beds (very poorly sorted cobble- and boulder- rich
gravels). Anobvioudy high portion of subangular and

Debris fall

Turbidity currént

Debris flow

Slump scar
with chute
(gulley)

Current-formed
chute (channel)

Fig. 6.10: Depositional model of aconical deltasystem with asubglacial input (modified after Nemec, 1990).
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angular components appear in these units. Inter-
stratified arediamict layers (particularly in the south-
ern parts) and infrequently gravelly or silty sand-beds.
For grain-size analysis and clast orientation see De
Jong and Rappol (1983).

In general, the beds show asubhorizontal vertical
aggradation (gradual build up). Slightly erosional
lower bounding surfaces occur but only rarely con-
vex erosional contacts have been recognized. The
deposits exposed in the large outcrop area are char-
acterized by extensive, postdepositional deformation
structures (see Fig. 6.11). The collapse structures
clearly correspond to morphological surface depres-
sions in the way that the general stratification runs
parallel to the surface.

The described deposits are the product of sedi-
mentary processeswhich represent acontinuum from
cohesionsless stream flows to cohesive gravity mass
flows (see Fig. 6.12). The major depositional proc-
ess can be described as highly concentrated (poorly

cohesive) flowswith asmall water to sediment ratio
producing very poorly sorted, cobble- and boulder-
rich, massive layers. Thus, it is interpreted as a
hyperconcentrated flow typical for ablation processes
(supraglacial ablationtill).

A possible scenario of the sedimentary environ-
ment of this proximal depositsisshowninFig. 6.13.
An alluvial fan has been formed at the ice margin
dominantly due to ablation processes from the sur-
face of theglacier. Stream flow (subglacially induced
?) becomes more prominent towards the distal areas
(tothe North) (seealso DeJong & Rappol, 1983).The
modern hummocky landscape is explained by both
postdepositional melting of buried ice and an unequal
distribution of sediment at the ice-head.

In Fig. 6.14 a characteristic radargram of the de-
scribed supraglacial depositsisshown indicating the
dip of the subsurface strata subparallel to the surface,
minor erosional surfaces and large boulders (gener-
ating diffractions).

wWsw

length [m]

Fig. 6.11: Outcrop wall exposed at the gravel pit Grenis. Very poorly sorted, coarse-grained sedimentary units are
vertically stacked and only minor erosional surfaces occur. Thewhole gravel body is deformed due to postdepositional
melting of buriedice.
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litho- . .
photo facies description mte,-chr:;itelgm
code P
cobble- and boulder-rich gravel;
- very poorly sorted
(grain-size from fines to boulders);
bGem - clast-supported and high-density
matrix-supported zones; (poorly cohesive)
- clasts: subrounded - angular gravity-driven flow
bGmMmM | _ sratification: massive/cruedly stratified
(rarely graded)
- clast orientation unclear
(postdepositional deformation)
sand-dominated heterolithe
- grain-size: fines to coarse sand, hyperconcentrated
- alternation/interfingering of flow (gravity- and
sH-x sand- and fines- dominated layers stream-driven)
- erosional structures, load structures, rapid flow pulses
convolute bedding;
- rarely intercalation of gravelly particles
stratified gravel and
oravel/sand mixtures cohesionsless
) (inv = inversly graded) stream flow
GS-g,inv /| - grain-size from fine sand to gravels; (pulses of sorted
" Geg,inv | - clast and matrix supported sediment with an
- horizontal sh"atlf_“lcatlo_n; increase in flow energy)
- prefered clast orientation: a(p)
- subrounded to rounded clasts
stra.tlﬁ.ed diamict . cohesive, dominantly
Dex - grain-size: fines (clay / silt) to cobbles; gravity-driven flow
- clast supported (higher amount
- subangular to subro_undec_l clasts of pore water)
- no prefered clast orientation
unstratified diamict :
- gram-size: fines (clay / silt) to boulders; gr:‘(f)i}tl;:-scll‘;;en
Dmm - matrix supported Tlow (flowtill),
- angular to rounded clasts (lower amount
(partly striated) of pore water)
- no prefered clast orientation

Fig. 6.12: Summary of some major lithofaciestypes occurring in the supraglacial sediment complex of the site Grenis.
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massive accumulation
of ahlation material

Fig. 6.13: Digital elevation model (4 timesvertica exaggeration) and possible scenario for the formation of asupraglacia
sediment complex. Huge amount of supraglacial debrisisdeposited at the ice margin due to ablation processes.
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Fig. 6.14: 2-D georadar profile acquired at the site Grenis. Most of the reflectors dip subparallel to the surface morphol-
ogy (artificially reworked and flattened). The hyperbel sreflect large bouldersin the subsurface.

6.4.3 Englacial sediment complex

Englacial depositsareformed intunnelsand cavities
withintheglacier ice. Water and sediment issupplied
supraglacially (through moulinsfrom theice surface)
and subglacially (from the base of the ice). Deposi-
tion may take place during the active and the passive
stage of theice. Depositional processes are discribed
to be discontinuous and temporary (Brodzikowski &
Van Loon, 1991). In general, hydraulic conditions
and resulting processes are controlled by the dynam-
icsof theice sheet aswell as by the hydrology of the
englacia drainage.

6.4.3.1 Grave pit Maria Tann

The pit Maria Tann is located SE of the city of
Wangen. Itischaracterized by an elevated hummocky
terrain morphology at thejunction of the Upper Argen
valley and the Gief3en valley (see Fig. 6.1, no. 5).

The outcrop can be subdivided into a lower and
upper segment. The lower segment is characterized
by ahighly complex architecture (see Fig. 6.15) where
gravel, sand and diamict deposits show folding struc-
tures, press-up structuresand collapse structure aswell
as erosional truncations. Both plastic and frictional
deformation modes were recognized. With regard to
the occurring lithofacies types (see Fig. 6.16) and
sedimentary structures it is very difficult to deduct
one distinct depositional system. Indicators for flu-
via processes (e.g. trough-shaped lower bounding
surfaces), avalanche processes (e.g. thick beds of bi-
modal gravel) as well as for cohesive mass-move-
ment processes (diamict deposits) are found. How-
ever, it is obvious, that sedimentation and deforma-
tion happened contemporously.
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Fig. 6.15: Outcrop wall exposed inthelower part of the gravel pit Maria Tann. A complex architecture of erosional and
deformational structuresindicate the contact to active ice (seetext for closer explanation).
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hoto fl:chig; description interpretation/
P P processes
code
massive to
cruedly stratified gravel, cohesionsless,
- grain-gize: sand to cobbles (c); low-density
cGem | - clast-supported bedload pulses
- components subrounded - rounded (bedload sheets)
- clast orientation: a(p), a(i), b(i)
cross-stratified gravel
and gravel to sand mixtures pulses of bedload
(g = gr_aded) sheets
GS_g /| - grain-size: fines to gravel; passing over a
Gcg - normally graded layers negative step
- clast supported, (gravel cune)
- subrounded to rounded clasts
- particle orientation: a(p)
graded gravels (b = bimodal)
- clast size: massive turbul ent flow,
grading from cobbles to gravels; sorted due to
- matrix: coarse sand (lower zone) a negative step
GCg, b and fines (upper zone) lower part: reworking of
- clast supported previous sands
- rounded clasts upper part: infiltration of
- chaotic clast orientation suspension due to
reverse flow
trough cross-stratified sand mega ripples
St - g_rain-size: fine to coarse sand; with sinuous crests
) - single foresets partly graded, 1ippl
: (3D-ripples)
partly massiv
massive gravel, deformed
I . bedload sheets
- Gem d | - grain-size: sand to cobbles;
: - clast supported deformed d.ue to
- clasts orientation: compression
(a-axis) oriented vertically (press-up structure)

Fig. 6.16: Summary of some major lithofaciestypesoccurring in an englacial environment (site Maria Tann).
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InFig. 6.17 an outcrop face of the upper segment
isdocumented. It isdominated by large foresetsbuild-
ing an up to 2.5-3.5m thick unit which isinterpreted
as agravel dune. This unit is erosively truncated at
the top and covered by horizontal to dightly inclined
gravel sheet deposits. Partly, hummocky-bedded
geometries have been recognized. Components show
acontinuum of parallel orientation (a(p)), and imbri-
cation of the long (a(i)) and the intermediate axis
(b(i)).

In general, in most parts of the exposed outcrop
area the deposits of both segments are post-
depositionally deformed whereas the major collapse
structuresrun parallel to the hummocky-shaped sur-
face.

With regard to the described features the follow-
ing interpretations are made:

(1) the lower section of the outcrop has been formed
indirect contact to activeicewithin rapidly chang-
ing depositional conditions (fluvia, deltaic, mass-
flows);

(2) deposits of the upper section indicate focused high
energy flow conditions (large gravel dune, hum-
mocky-shaped gravel sheets, clast orientation
(a(p), a(i)) which frequently occur in sub- or
englacial tunnelsand cavities;

(3) major collapse structures concern the upper aswell
as the lower segment and are the product of
postdepositional melting of buried ice.

Asaconseguence, thedepositsexcavated inthegravel
pit Maria Tann are interpreted as englacial deposits
(seeFig. 6.18). Asmost componentsarewell rounded
adominantly subglacial sourceisassumed.

lendgh [m]

Fig. 6.17: Outcrop wall exposed in the upper part of the gravel pit Maria Tann. The large forsets are the record of a
migrating gravel dune. Thisunit istruncated at thetop by aunit of horizontally stratified gravel sheets. Thewholegravel

body isdeformed due to postdepositional ice-collapse.
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Several georadar profileswere measured near the
outcrop area(Fig. 6.19). Theimagesresolve particu-
larly the deposits of the upper segment. Inunit 1, for
instance, the exposed gravel dune can be recognized
by the parallel inclined reflectors. Note, that the de-
tected units run parallel to the subsurface morphol-
ogy indicating postdepositional ice melting.

A

Moulin

Englacial stratified
sediments

It must be mentioned, that particularly in the up-
per segment paleoflow within this englacial system
was directed from E to W (see foreset dipping of the
gravel dune) - contrary to the direction of glacier ad-
vance. This means, that during late stage phases of
ice decay also huge amount of sediment has been
transported sub- and englacially back to the basin-
centre (e.g. lake Constance).

e Unstratified
- (“_diamict
s R e

<« Basal diamict !

Fig. 6.19: Grid of radar profiles acquired at the gravel pit Maria Tann. The cross-stratified reflector pattern of unit 1
represent the described gravel dune deposits (see also Fig. 6.17). Note that the major sedimentary units run parallel to
the surface morphol ogy indicating postdepositional ice-collapse.
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6.4.4 Subglacial gravel bodies

The contact zone between the ice body and its sub-
stratum isknown asthe subglacial environment. The
thermal regime of the ice, the nature of the substra-
tum and the amount of available debrisarethe major
controlling factors in terms of the general (deposi-
tional, erosional, deformational) conditions (Brodzi-
kowski & Van Loon, 1991). An enormous number of
studies have been carried out so far with regard to
subglacia processes, sediments and landforms. For
adetailed discussion and acompilation of case stud-
iesthe reader isrefered to Dardis & McCabe (1994)
and Piotrowski (1997). In the following section two
examplesof meltwater induced subglacia gravel bod-
ies are discussed.

6.4.4.1 Gravel pit Edenhaus

The pit Edenhaus is situated in ahill on the bottom
of the N-S striking Karbach valley (see Fig. 6.1, no.
6). Morphologicaly, adrumlin-like shapeisvisible,
dightly elongated pardlel to thevalley. Previous stud-

ieswere carried out by Weinhold (1973) and Fiebig
(1995).

The excavated sequence (see Fig. 6.20) consists
of an aternation of gravel- and sand-dominated beds
aswell asof sand- to gravel mixtures (seeFig. 6.21).
Few intercalation of heterolitic beds (mixtures of sand
and fines) were also recognized and at a basal mar-
gina part of the exposed hill the gravel- to sand de-
posits are covered by adiamict layer. In general, the
dominantly well sorted lithofacies types consist of
subrounded components. However, also subangular
to angular components were found, partly solitarly
or in clusters, partly enriched in layers. The whole
sequenceiscross-stratified and showsan inclination
to the North but many postdepositional normal faults
and block-rotation distort the original angle of depo-
sition (see Fig. 6.20). The beds show an overall
gradual progradational and aggradational stacking
pattern (containing also ‘minor’ erosional trunca-
tions). They partly pinch out downs ope but no change
in grain-size was recogni zed.

0Om 20m

40m

Fig. 6.20: Outcrop wall exposed at the gravel pit Edenhaus. The section consists of an alternation of sand- and gravel-
dominated beds. Theinclined and prograding unitsare displaced by normal faultsand block rotation. Thisgravel body is

interpreted asa subglacial esker.
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litho- . :
. interpretation/
hoto i description
P fgg:’ees P processes
strafied gravel to sand nuxtures
- grair}-size spectra: sand to gravel eravity-driven
- matrix-supp orted; (cohensionless)
Gmx / - components partly fluidal avalanches
GS-x arranged in strings
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Fig. 6.21: Summary of some magjor lithofaciestypes occurring in subglacial meltwater-dominated environments.
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According to Brennand (1994) and Brennand &
Shaw (1996) thisgravel body isinterpreted asan esker
(composite large-scale macroform) formed in asub-
glacial conduit (see Fig. 6.22). Therhythmical alter-
nation of sorted sand and gravel unitsis assumed to
be the product of episodic flood flows. The occur-
ring lithofacies types within these section are inter-
preted as the result of fluidal flow- or hyperconcen-
trated dispersion- processes (Brennand, 1994). Clast
roundnessindicatesadominantly subglacial sediment
supply. Angular components are either delivered
supraglacially through moulins or were melted out
fromthe conduit wall experiencing only minor rework-
ing (resedimented dropstones).

A deltaic sedimentary environment is excluded
because no indicator (e.g. lateral fining) of deposi-
tion into a standing standing water body is found.

Resedimented dropstones, the appearence of mar-
gind diamict unitsand the postdepositional extensional
deformation clearly indicate a direct contact of the
sedimentsto the ice body.

As a conseguence, the external (drumlin-like)
shape of thishill isinterpreted as the original geom-
etry as which the complex facies body has been de-
posited. There has been no signsfor major erosional
truncations at thetop or compressional deformations.
Postdepositional decay dueto lateral ice melting only
dlightly deformed the body which hasobviously been
created at alate stage of ice decay.

6.4.4.2Gravel pit Gebrazhofen

The sediments of the pit Gebrazhofen were exposed
for ashort time due to road building activitiesin the
year 1999. The morphology can be described as a
low relief hummaocky terrain containing areas of flat
topography (see Fig. 6.1, no. 7).

In Fig. 6.23 an outcrop face isillustrated which
can be subdivided into a lower and an upper seg-
ment. The lower segment is characterized by cross-
stratified units delineating a positive, more than 6m
thick, mega-scal e bedform. Deposition occurred con-
temporaneously at the core position and the flanks.
The dip of the avalanche beds vary between 5° and
30° and several reactivation surfaces can be recog-
nized. The beds consist dominantly of well sorted
sand- to gravel deposits (see Fig. 6.21) and clast are
mostly subrounded. This lower segment is clearly
truncated at the top. The covering gravel deposits of
the upper segment are distinctively coarser in grain-
size and build up a sheet like geometry. Internally a
simple subhorizontal stacking of poorly sorted gravel
depositsisvisible and only few small-scaled cut and
fill elements areintercal ated.

According to Brennand & Shaw (1996) and Shaw
and Gorell (1991) the macro- to megascale bedforms
of the lower section are interpreted as gravel dunes.
Striking of the core and the dipping geometry of the
flanks indicate a paleoflow and migration directed
towards the NE.

Fig. 6.22: Schematic model of theincremental formation (stages 1-3) of acomposite macroformin asubglacia conduit
enlargement. Theice roof melts up and back over time of sedimentation (from Brennand & Shaw, 1996).



6. Characterization of glacia gravel bodies 91

NNE
N

40

20 30
length [m]

o

Fig. 6.23: Outcrop wall exposed in the pit Gebrazhofen. The lower segment represent acomposite macroform (oblique
avalanching beds) developed in a subglacial environment (paleo-flow towards the observer). The upper segment is
made-up by astacking of gravel sheets probably formed under subaerial, fluvial conditions.
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Clast imbrication measurements (a(t), b(i)) within
the upper segment indicate the same paleoflow di-
rection. This segment isinterpreted as a stacking of
tractional gravel sheet depositsin an fluvially domi-
nated environment. Intercal ation of small cut-and fill
elements in different levels indicate that this upper
segment developed gradually and is not the product
of one (short-time) high magnitude event.

Georadar measurements which were carried out
within the hummaocky terrain SSW of the pit revealed
astructural pattern clearly corresponding to thelower
segment of the outcrop. Interpretation of the reflec-
tor pattern show a highly complex architecture of a
lateral and vertical stacking of positive shaped cross-
stratified units (see Fig. 6.24). Thisreflects amulti-
phase (episodic) depositional history.

However, the sheet-like upper section of the out-
crop could not be recognized in the radar imagesand
only in parts a thin (0.5-1.0m thick) horizontal- to
subhorizontal reflector pattern isrevealed at the top.
Additionaly, no magjor and extensive erosional sur-
faceis shown in the radar images.

With regard to both the outcrop and the georadar
information the lower section which consists of posi-
tive-shaped, cross-stratified (mega- to macro scale)
bedforms is interpreted as a complex of subglacial
gravel-dune deposits. The origin of the local upper
sectionisnot clearly clarified but afluvial, probably
subaerial, system is assumed. This system might be
established in asmall zone and only for a short pe-
riod during melting of the last ice remains.

6.5 Conclusions

In thischapter it has been shown, that various gravel
bodies were formed in very different depositional
environments during an overal ice-retreat of the
Wurmian Rhine glacier. Huge amounts of released
meltwater created an accumulation of sand and gravel
deposits within ice-marginal as well asin sub- and
englacial environments. A combination of outcrop
analysis and modern topography investigation has
been carried out in order to characterize and under-
stand the paleo-glacial conditions of sediment depo-
sition:

- the facies bodies show an enormous variety of
lithofaciestypesand stratal organization. Both are
controlled by hydrodynamic conditions and sedi-
ment supply within the distinct glacial environ-
ments (e.g. supraglacial depositsare characterized

by avaguevertica stacking of poorly sorted, grav-
ity driven deposits);

- beside the textural and structural features clast
roundness is important to appraise the source of
thematerial (e.g. angular particelsindicate supra
glacia sediment source);

- syn- and post- depositional deformation structures
(e.g. normal fault, ice-collapse structures) indicate
position and dynamic of the glacier during and
after sediment accumulation;

- digital elevation modelsrevealed distinct imprints
inthe modern glacial landscape. The external ge-
ometry of facies bodies and the local to regional
morphology give critical hintsfor the pal eo-envi-
ronmental reconstruction (e.g. drumlin-likeforms
of subglacial meltwater deposits).

Geoardar surveys proved to be a helpful tool in or-
der to detect the complex sedimentary architecture
of glacial gravel bodies. In future this method could
be used in areas with limited outcrop information.

In general, the presented dataare afurther stepin
understanding the highly variable sediment distribu-
tion pattern within the Rhine glacier area. Particu-
larly with regard to aregional and historical compre-
hension of the Wirmian glacier dynamics a closely
spaced net of sedimentological, morphological and
geophysical datais required.
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Contents:
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A2:

A3:

A4:

Ab:

Coordination of the outcrops (wor d6)

Outcrop panels (tif)

- glacial (Baindt, Edenhaus, Gebrazhofen, Grenis, Maria Tann)

- proglacia
- main discharge (Haltingen, Hartheim, Herten, Lottstetten, Rheinheim, Schlingen, Wyhlen)
- intermediate discharge (Ostrach, Pfullendorf)
- minor discharge (Bolstern, Saulgau)

- others (Aitrach, Leutkirch, Mennisweiler, Neubrunn)

Outcrop photos (tif)

- glacia (Bohringen, Biggenmoos, Birkenbiihl, Bonndorf, Edenhaus, Engen, Gebrazhofen, Grenis, Liezenhofen,
Michelwinnaden, Schwarzenbach, Schweineberg, Tettnang, Unterankenreute, Unterrehna, Waldburg,
Walter shofen)

- proglacial (Aitrach, Bolstern, Haltingen, Hartheim, Herten, I ngoldingen, Lottstetten, Mennisweiler, Ostrach,
Reichenbach, Rheinheim, Saulgau, Tautenbronn, Winter stettenstadt, \Wyhlen)

Sieve curves / Statistics (excel6)
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