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ABSTRACT

Braided river deposits form important aquifers in many parts of the world, and their heterogeneity
strongly influences groundwater flow and mass transport processes. To accurately characterize
these coarse gravelly aquifers, it is important to understand the erosional and depositional pro-
cesses that form these sediments. Moreover, it is important to evaluate the relative importance
of various parameters that determine the preservation potential of different depositional elements
over geological time scales. These objectives may be achieved by developing techniques that allow
for the integration of different quality data into quantitative models. Information concerning sed-
imentary textures and the spatial continuity of sedimentary structures in braided river deposits,
inherent in depositional facies descriptions, allows the spatial variability of hydrogeological prop-
erties (e.g. hydraulic conductivity and porosity) to be predicted. Depositional elements in gravel
deposits can contain a restricted range of textures, which form a limited number of sedimentary
structures. These depositional elements are bounded by erosional and/or lithological surfaces. The
frequency, size and shape of different elements in a sedimentary sequence depend on several fac-
tors, including aggradation rate, channel belt mobility on the kilometre scale, gravel-sheet/scour
activity at the scale of hundreds of metres and topographic position of the different elements within
an evolving system. Preserved shape and size of the elements affect the correlation lengths and
the standard deviations of the aquifer properties, such as hydraulic conductivity and porosity.

Different quality data sets that may be used in characterizing braided river deposits can be
recognized in outcrop, boreholes and on ground-penetrating radar (GPR) sections. This paper
proposes a means of integrating outcrop, borehole and GPR data into a stochastic framework of
sedimentary structures and the distribution of hydraulic aquifer properties. Data integration results
in variable degrees of uncertainty when assigning values to hydraulic properties and characteriz-
ing the geometry of sedimentary structures. An application of this approach is illustrated using a
data set (400 m x 550 m) from the northeastern part of Switzerland at the confluence of the
Rhine and Wiese rivers. The data set includes drill-core data from five boreholes and 14 GPR
sections with a total length of 3040 m. The results of the variogram analysis provide the orienta-
tion of sedimentary structure types representing the main flow direction of the River Rhine in
the lower part of the aquifer, and of the River Wiese in the upper part. The analysis also results
in large ranges of spatial correlation, ranging from a few metres up to tens of metres for the dif-
ferent sedimentary structure types.
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INTRODUCTION flow and transport behaviour within these sedi-

ments rely on detailed knowledge of the distri-
A large proportion of European and North Amer- bution of physical, chemical and biological aquifer
ican aquifers were formed by former braided river properties. The complexity of depositional and ero-

systems. Accurate predictions of groundwater sional processes in braided river systems, however,
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leads to highly heterogeneous distributions of
hydrogeological parameters such as hydraulic
conductivity and porosity. Hydraulic conductivity
variations over several orders of magnitude are of
primary importance in groundwater flow and
solute migration (Gelhar, 1986; Adams & Gelhar,
1992; Rehfeldt et al., 1993). Due to the complexity
of the aquifer structures in these coarse gravelly
deposits, and its consequences for hydraulic prop-
erty distribution, stochastic modelling has rarely
been applied to practical problems (Dagan, 2002).

Continuous three-dimensional information on
the hydraulic properties of aquifers cannot be
obtained easily in heterogeneous sediments. Con-
sequently, different methods have been developed
in order to map aquifer properties. Koltermann &
Gorelick (1996) distinguished three main types of
methods: (1) structure-imitating methods that use
any combination of Gaussian and non-Gaussian
statistical and geometric relationships in order to
match observed sedimentary patterns; (2) process-
imitating methods that consist of both aquifer cal-
ibration techniques, which solve the governing
equations of fluid flow and transport, and geo-
logical process models that combine mass and
momentum conservation principles with sedi-
ment transport equations; and (3) descriptive
methods that use different field methods to trans-
late geological facies models into hydrofacies
models with characteristic aquifer properties.

All these methods have already been applied in
coarse fluvial gravel deposits that are typical of
braided river environments. Examples of each
approach, including key information for the under-
standing of sedimentological facies description
and aquifer characterization, as cited in the liter-
ature, are provided below.

1 Structure-imitating methods: Jussel et al. (1994)
developed unconditioned, Gaussian stochastic
models of glacio-fluvial deposits using statistical
data derived from outcrop descriptions of gravel
pits in northeastern Switzerland. Facies inter-
pretations obtained from ground-penetrating radar
(GPR) profiles by Rauber et al. (1998) from one of
these gravel deposits (Hiintwangen, Switzerland)
were used to condition stochastic models. Both
groups of authors used their stochastic models to
simulate a synthetic tracer transport experiment.
Among non-Gaussian methods, indicator-based
simulations offered the advantage of combining

different types of observations, using ‘hard” and
‘soft’” data (e.g. McKenna & Poeter, 1995). Regli et
al. (2004) developed the software code GEOSSAY,
which is capable of incorporating these different
data types by including drill-core descriptions
and GPR profiles, to produce a stochastic model
that could be tested against tracer breakthrough
responses in the ‘Langen Erlen” well catchment
zone (Regli et al., 2003).

Other non-Gaussian approaches include Boolean,
or object-based methods, which are suited to ran-
domly distributed sedimentary body shapes that
are typical of fluvial deposits (Deutsch & Wang,
1996). Geological information has been used to
develop geometrical and probabilistic rules that
control the distribution, geometry, elongation axis
and connectivity for each of the simulated objects
or facies types. Another promising non-Gaussian
approach has explored the influence of aquifer
structure on groundwater flow regimes using
transition probabilities (Markov chains; Carle et al.,
1998; Fogg et al., 1998). Weissmann et al. (1999)
presented a Markov chain geostatistical approach
to create geologically plausible three-dimensional
characterizations of a heterogeneous, fluvial aquifer
system. The maps were conditioned using core,
well-log and soil data from the Kings River allu-
vial fan aquifer system in California. Using this
approach, pattern-imitating methods have simulated
the architecture and lithology of fluvial deposits
directly, based on geometric concepts of the
observed geology. Webb (1994) and Webb &
Anderson (1996) presented a simulation method
that develops the three-dimensional distribution
of sediment units in braided stream deposits.
Their code, BCS-3D, combines a random-walk
algorithm for braided topological networks with
equations to describe hydraulic channel geometry,
which were then used to estimate the channel
shape and connectivity relations of a surface.
Sediment aggradation in the third (vertical)
dimension was obtained by stacking the gener-
ated geomorphological braided river surfaces
using a constant offset, and the resulting sedi-
mentary model was used to assign distributed
hydraulic conductivities.

2 Process-imitating methods have not been
used extensively for modelling fluvial sediments.
Koltermann & Gorelick (1992) used large-scale
process simulations to reconstruct the geological
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evolution of an alluvial fan in northern California
over the past 600,000 yr. The reconstruction of the
Alameda Creek fan highlighted the importance
of climate change, tectonics and relative sea-level
change on the depositional processes. Nonethe-
less, geological process models have rarely been
applied to hydrogeological problems, largely
because they use initial and boundary conditions
that are largely unknown and consequently cannot
be conditioned to measured values.

3 Descriptive methods produce maps of the
architecture of fluvial deposits by the translation
of geological or geophysical site-specific data into
conceptual facies models. The quality of field
observations is of prime importance. Lithofacies con-
cepts of braided river deposits have been developed
by Allen (1978), Miall (1985), Brierley (1991), Paola
et al. (1992), Heller & Paola (1992), Bridge (1993,
2003) and Siegenthaler & Huggenberger (1993).
Ashmore (1982, 1993) and Ashmore & Parker
(1983) have demonstrated the importance of key
elements such as braiding intensity and scouring
on sedimentation using laboratory experiments
and field observations of braided river systems
(Bridge, 2003; Ashworth et al., 1999, 2004).
Anderson (1989) and Klingbeil et al. (1999) related
the concept of lithofacies to hydrofacies in a
fluvial environment, and Anderson et al. (1999)
used extensive outcrop observations and sampling
information for hydrofacies conceptualization.
Generally, outcrops and boreholes offer a re-
stricted image of the sedimentary architecture
and grain-size distribution data. The additional
application of shallow geophysical methods such
as high-resolution GPR has been shown to be very
effective in mapping the relevant hydrofacies (e.g.
Huggenberger, 1993; Bridge et al., 1995; Best et al.,
2003). Lunt et al. (2004) combined GPR surveys
with data from trenches, cores, logs, and per-
meability and porosity measurements in a study
of a three-dimensional depositional model of the
Sagavanirktok River in Alaska. Techniques used in
three-dimensional surveying offer the possibility
of generating images of the spatial structure of
fluvial aquifer architecture on a decimetric scale
(Beres et al., 1995, 1999; Asprion & Aigner, 1999;
Heinz, 2001). Regli et al. (2002) coupled probabil-
ity estimations of drill-core descriptions to radar
facies types to define sedimentary structure types
for the Langen Erlen aquifer.

Various braided river system depositional
models are controversially debated in the literat-
ure. Controversies have arisen mainly as a result
of the difficulty in finding simple relationships
between morphological elements observed in
modern braided river systems and the geometry
of architectural elements of ancient braided river
deposits. Such relations can be based only on two-
dimensional outcrop observations combined with
two-dimensional and three-dimensional GPR
data sets that provide data to a limited depth, in
conjunction with certain concepts concerning the
preservation potential of former morphological
elements in the sedimentary record. The prediction
of the architecture of braided river deposits can-
not be based on observations of recent braided
river system morphology at low flow stage alone,
since structures developing under very high flow
conditions (catastrophic or landscape shaping
events) give better information on the spatial
extent of characteristic depositional elements. In
terms of hydrogeological applications, it is impor-
tant to remember that conceptual sedimento-
logical models are based on their relevance to
groundwater hydraulics. There are many indica-
tions from hydrogeological investigations (e.g.
Flynn, 2003) that the role of highly permeable
sediments, such as open-framework gravel, is
often underestimated.

The objective of this paper is to derive a metho-
dology to characterize braided river deposits for
hydrogeological applications by using different
quality geological information. This includes:

1 definition of sedimentary textures, structures and
depositional elements together with a discussion
of the links between surface morphology and the
subsurface sedimentary structures;

2 presentation of a method by which outcrop, bore-
hole and GPR data can be integrated in a structure-
imitating aquifer model;

3 presentation of a case study of the application of
subsurface modelling for the Rhine/Wiese sand and
gravel aquifer near Basel, Switzerland (Fig. 1).

The stochastic simulations characterize possible
spatial distributions of aquifer properties that can
be used as an input for groundwater flow and trans-
port simulations.
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Fig. 1 Locality map of rivers and outcrops cited in the text. Insets show: (a) simplified geological overview of the Basel
area (Switzerland) including the location of study site in the Basel water supply area (Langen Erlen), located within the
ancient confluence of the River Rhine and River Wiese; (b) overview of the Tagliamento area, Friaul, northern Italy.

METHODS

In order to refine sedimentological models to
permit characterization of braided river deposits to
be extended to hydrogeological applications, differ-
ent methods for modelling aquifer sedimentology
and the subsurface have been applied. Following
the hydrogeological facies concepts of Asprion
& Aigner (1999), sedimentary textures, structures
and depositional elements were defined. The pre-
servation potential of depositional elements, and
its significance for groundwater flow and transport
in their influence on hydraulic conductivity and
porosity, are used as key information in this
type of classification. Important information was
obtained by comparison of morphological ele-
ments, observed at the surface of modern braided

river systems (e.g. River Tagliamento, Friaul,
northeastern Italy), with preserved depositional
elements that were investigated in gravel pits
deposited by the Pleistocene Rhine River in
Switzerland (Fig. 1). Moreover, the results from
laboratory flume experiments, numerical models,
field measurements and proposed fluvial pro-
cesses (e.g. fluvial sediment sorting processes)
can form the sedimentological facies relations
described (Ashmore, 1982, 1993; Klingemann &
Emmet, 1982; Van Dyke, 1982; Carling & Glaister,
1987; Carling, 1990; Tubino et al., 1999; Lanzoni,
2000).

Outcrop, borehole and GPR profiles represent
data of different quality. Outcrop and laboratory
investigations of representative samples concern-
ing facies or hydraulic properties provide the
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most reliable data, and are considered as hard data.
In contrast, drill-core and GPR data are less pre-
cise and considered to be soft data, and greater uncer-
tainties are associated with these data values. The
differences between hard and soft data required
an interpretation method to be developed that
allowed the integration of different quality
datasets into proposed lithofacies schemes. The
method provides probabilities that drill-core layer
descriptions and radar facies types represent
particular defined sedimentary structures.
Accurate modelling of subsurface parameter
distributions becomes progressively more difficult
with increasing heterogeneity and uncertainty in the
spatial variability of available data. Uncertainty
depends both on the quantity and the quality of
available data. Stochastic simulation as described
below implies sampling from conditional distribu-
tions, and the resulting spatial models consist of
samples from a multivariate distribution charac-
terizing the spatial phenomenon. The sequential
indicator-based approach matches the sedimen-
tary structures using conditioning data, such as
drill-core and GPR information, with the spatial
correlation of data values, depending on the sedi-
mentological model as described in the following
sections, and the geostatistical analysis of the
available data verified in variogram analyses.

SEDIMENTARY TEXTURES, STRUCTURES AND
DEPOSITIONAL ELEMENTS

Based on outcrop analyses of gravel pit exposures
of sediments deposited during the Pleistocene
by the Aare, Rhine, Rhone and Thur rivers in
Switzerland (Fig. 1), and established facies schemes
(Siegenthaler & Huggenberger, 1993; Jussel et al.,
1994; Rauber et al., 1998; Regli et al., 2002), a lim-
ited number of textural and structural sediment
types, reflecting dominant depositional elements
developing in braided river systems, were defined.

Sedimentary texture and structure types

Definition of sedimentary texture types is based
on grain-size distribution and sediment sorting. In
the Rhine gravel, sedimentary textures are easily
recognizable in outcrop due to colour variations
caused by the presence or absence of sand-fractions,

silt and clay and the wetting/drying characterist-
ics at the outcrops. Consequently, colour is used
in field classifications of different gravel textures
(Jussel et al., 1994). Bearing in mind that colour
differences are dependent on the source rock
material, the sedimentary textures are considered
as an important attribute in distinguishing differ-
ent sedimentary structures in outcrop; such textures
are also frequently used in drill-core descriptions.
Investigations at different field locations and
subsequent data interpretation allow the classifica-
tion of seven different sedimentary texture types

(Fig. 2a-g).

1 Open-framework gravel (OW, Figs 2a & 3a, ¢) is
a well-sorted gravel, in which pore space is free
of sand and silt, although clay and silt particles
occasionally drape the pebbles and cobbles. Mean
grain-size (d,,) and sorting coefficient (s. = d/d,,) for
OW are 0.015m and 3.3, respectively (s. corres-
ponds to the slope of the grain-size distribution
curve between d,, and dy, and is an indicator of
sediment sorting (Swiss Standard Association,
1997)). Open-framework gravel corresponds to a
well-sorted, poorly graded (high porosity) sedimen-
tary texture type.

2 Bimodal gravel (BM, Figs 2b & 3a, c) consists of a
matrix of well-sorted medium sand that fills interstices
of a framework of well-sorted pebbles and occasional
cobbles (d,, = 0.021 m, s, = 77). Visual inspections of
BM in outcrop give the impression that the grain-size
and bed-thickness of BM are positively correlated (see
also Steel & Thompson, 1983).

3 Grey gravel (GG, Figs 2c¢ & 3b, d-f) is a poorly
sorted gravel, containing coarse sand, granules, peb-
bles and, rarely, cobbles. Clay and silt particles
never make up more than 5% of the deposit (d,,, = 0.007
m, s. = 55).

4 Brown gravel (BG, Figs 2d & 3d-e) is a poorly sorted
gravel with sand and silt (4., = 0.021 m, s, = 236).

5 Silty gravel (SG, Fig. 2g) is a poorly sorted, brown-
ish coloured, gravel, often containing up to 30%
sand and nearly 20% silt and clay (d, = 0.002 m,
s. = 250).

6 Sand lenses (SA, Fig. 3f) may be poorly sorted to
well-sorted and do not contain significant silt or clay
fractions.

7 Silt lenses (SI, Fig. 2f) consist of a poorly graded silt.

Sedimentary structure types are made up of
one or a combination of two sedimentary texture
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Fig. 2 Sedimentary textures types: (a) (OW) open-
framework well-sorted gravel; (b) (BM) bimodal gravel;
(c) (GG) poorly sorted, clean grey gravel; (d) (BG) poorly
sorted, coarse brown gravel with silt fraction; (e) (SA)
sand; (f) (SI) silt; (g) (SG) silty gravel. Photographs (a—c)
and (e—g) from Pleistocene Rhine gravel at Hiintwangen,
(d) from Sense River, Switzerland.

types that may alternate. The seven sedimentary
texture types identified may be grouped into nine
sedimentary structure types (Fig. 3).

1 OW appears in fining upward beds that are one to
several decimetres thick, and individual clasts are not
oriented.

2 OW/BM couplets are fining-upwards sequences
consisting of BM at the base and OW at the top. A
transition from BM to OW is generally marked by a
sharp boundary between the sand in the BM and the
open pores of the OW. The pebbles, however, show a
continuous fining-upwards sequence from BM to OW.

Fig. 3 Sedimentary structures types: (a), (c) (OW/BM)
open-framework well-sorted /bimodal gravel couplet
consisting of BM at the base and OW at the top; (b),
(f) alternating beds of SA/GG; (d), (e) GG/BG and
SG/GG. All samples from Pleistocene Rhine gravel,
Hiintwangen, Switzerland.

3 GG often forms thick sheets of poorly sorted sedi-
ments up to 2 m thick.

4 The bedding of BG is massive, and often forms beds
up to 4—6 m thick.

5 & 6 GG and BG may also occur in alternating
layers that are either horizontal (GG/BG-h) or
inclined (GG/BG-i).

7 SG may occur in close relation to BG, as mas-
sive beds or associated with thin silt layers.
However, the latter are not very frequently observed
in outcrop.

8 SA may occur in different settings on a floodplain
and with varying proportions of GG and SL
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9 SI mainly occurs as thin beds or near the top of
gravel sequences, sometimes associated with gravels
in smaller trough-shaped fills.

Depositional elements

Depositional elements (Fig. 4a—f) are defined based
on the geometrical form of erosional and/or litho-
logical boundaries and the character of the fill
(e.g. structure types and geometry of planar or tan-
gential foresets). The most abundant elements in
the deposits investigated are: (1) scour or trough
fills (Fig. 4d—f); (2) gravel sheets or gravel dunes
that usually form thin gravel layers, although
these may be up to more than 1 m thick (Fig. 4a,
¢); (3) bedload sheets (Fig. 4b, c) or traction carpets
(Todd, 1989); and (4) overbank deposits (Siegen-
thaler & Huggenberger, 1993; Beres et al., 1999,
fig. 3; Heinz, 2001).

1 Scour or trough fill deposits (Figs 3-5) can be
composed of four different sedimentary structure
types: (i) sets with OW/BM couplet cross-beds;
(ii) sets with GG cross-beds; (iii) sets with SA cross-
beds; and (iv), in the braided-meandering transi-
tion zone (which is marked by a decrease in slope
and widening of the floodplain to the west of the
Rhinegraben masterfault), sets with SG cross-beds
(Regli et al., 2002). The cross-bedded sets are 0.1-
0.5 m thick with trough-shaped, erosional concave-
upward lower bounding surfaces. The erosional
surface appears as a clear boundary that is discon-
tinuously overlain by a lag of cobbles in some outcrops.
In sections approximately perpendicular to the gen-
eral flow direction, the erosional bounding surfaces
may display the shape of circular arc segments, while
the cross-beds are strongly curved and tangential to
the lower set boundary (Huggenberger et al., 1988).
2 Horizontally bedded gravel sheets (Fig. 4a, c)
mainly consist of GG with occasional alternations
with single beds of BG. Individual beds range
in thickness from <0.1 m to about 1 m thick, but
are typically 0.1-0.3 m thick. Very thick beds are
probably obscure low-angle cross-stratified sets.
Single beds extend laterally from a few metres up to
several tens of metres. The bedding is mostly vague
and caused by: (i) variable sand fractions especially
within the GG; (ii) vertical alternations of different tex-
tural types; (iii) thin interlayers of sand and pebbles;
or (iv) discontinuous stringers or coarse pebbles and
cobbles.

Fig. 4 Depositional elements: (a), (c) gravel sheets

(a, flow from right to left, River Toess; c, section
perpendicular to ancient mean flow direction, Pleistocene
Rhine gravel, Hiintwangen); (b) bedload sheet (River
Sense, Switzerland); (d-f) scour and trough-fill
deposits (sections perpendicular to ancient mean flow
direction, all outcrops from Pleistocene Rhine gravel;
d, Hiintwangen, e, Basel, f, Marthalen). Note the
concave-upward trough-shape and erosional lower
bounding surfaces. Trough-fill deposits (d) consist of
tangential bottom sets with gravel couplet cross-beds.
(GG) Grey gravel; (BG) poorly sorted, coarse brown
gravel with silt fraction; (OW/BM) open-framework
well-sorted /bimodal gravel couplet.

3 Laterally extensive, massive and coarse-grained
gravel sheets (Fig. 3d, e) are composed of BG. Single
beds or sets of beds have thicknesses ranging from
decimetres up to several metres. Laterally, thickness
may vary abruptly and the beds may locally disap-
pear or reduce to a discontinuous lag of coarse cob-
bles. A preferred orientation or imbrication of the clasts
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Fig. 5 Pleistocene trough-fill dominated sequence in
Rhine gravels at Marthalen, Switzerland, in a section
perpendicular to the mean ancient flow direction.
Note the dominance of filled trough structures and
the absence of gravel-sheets. Type OW/BM makes
up to more than 60% of the whole sequence.

is quite common, and the long axis of the clasts usu-
ally dips approximately 15° upstream.

4 Overbank deposits are composed of SA and SI
and, compared with the active channel area, fine-
grained sediments (fractions finer than fine sand) are
more abundant. Floodplain deposits consist of mas-
sive to horizontally bedded medium to coarse silt and
very fine sand, and in a few examples fine sand.
Bioturbation may be intense in more recent sedi-
ments, and is mainly due to rooting by abundant veg-
etation. In Pleistocene sequences, however, only a
small amount of organic matter may be observed
due to the lack of a plant cover. Sandy beds with rip-
ples or parallel laminae often occur near the active
channel belt, mainly as a product of moderate to
high magnitude floods (Huggenberger et al., 1998).

Relationship between depositional elements of ancient
rivers and morphological elements
of modern braided river systems

It is often difficult to estimate the maximum dimen-
sions and orientation of depositional elements
of braided river deposits preserved in the geo-
logical record. Although voluminous information
is available from photographs of progressively
excavated terrace walls (Jussel, 1992; Siegenthaler
& Huggenberger, 1993), the maximum dimensions
of depositional elements are commonly impossible
to ascertain without two-dimensional and three-

dimensional GPR data sets. Moreover, the results
of a three-dimensional GPR study of a 70 m x
120m x 15m block have demonstrated that
the dimensions of depositional elements such as
trough fills can be significantly larger than the
size of the block investigated (Beres et al., 1999).

Observations of morphological elements on the
floodplain of the Tagliamento River (Fig. 1) im-
mediately after a moderate magnitude flood
(2000 m’s™) allowed study of both the geo-
metrical form and extent of gravel sheets (Fig. 6)
and the simultaneous progradation of a gravel sheet
with the development of a scour fill in front of the
gravel sheet (Fig. 7). This flood has allowed some
important products of the high-flow stage to be
documented that are generally overprinted by
smaller events, such as development of smaller
gravel sheets, or which are not accessible to observa-
tion (e.g. processes in scours). There are few
examples documenting simultaneous gravel-sheet
and scour development in rivers. However, Fay
(2002) documented trough-shaped scour fills and
related them to the November 1996 glacier-outburst
flood, Skeidararsandur, southern Iceland. Their
scour-fill geometry (Fay, 2002, fig. 9) strongly
resembles structures found in the Rhine gravel
deposits of northeastern Switzerland (Siegenthaler
& Huggenberger, 1993, fig. 6).

Gravel sheets

The geometry of two gravel sheets that are more
than 200 m long and 80 m wide is documented
in Fig. 6. The gravel sheets are in concordance
with the previous riverbed topography and devel-
oped at moderate magnitude flow, where the
active channel belt was wholly inundated and
the morphology of the floodplain was reshaped.
The orientation of the longitudinal direction of
the gravel sheet differs from the orientation of the
channels developing at the end of a flood event.
Irregularly sinuous, single-thread channels, includ-
ing channel islands, dominate the morphological
character of the fluvial system at low flow, and the
angle between the longitudinal directions of the
gravel sheets varies according to the intersection
with these channels. In the present example, the
angle is ~20-30°. This difference in transport dir-
ection marks the difference between the braiding
character of the river system during flooding and
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Fig. 6 Observations of modern river analogues:

(a) photograph and (b) interpretation of a view of the
Tagliamento River from Monte di Ragogna (Friaul, Italy).
Flow from right to left. Note the angle between the
active channels under low-flow conditions and the

long axis of gravel sheets (gs) developed during flood
(high-flow) conditions. The low-flow channel in the
central part of the photograph dissects the gravel sheets.

the channels at low-flow conditions (Leopold &
Wolman, 1957; Church, 2002).

Simultaneous gravel-sheet and scour development

Whereas gravel sheets are at least partly preserved
after floods (Lunt et al., 2004, fig. 6), scours and
related trough fills developing simultaneously
during gravel-sheet propagation (Ashmore, 1982)
are filled up with sediment deposited with
declining flood energy. As trough fills are buried
below the upper units of a fluvial channel, they

(1) gravel-sheets
(2)avalanche _——

face Z— _ sand-beds

Tertiary
conglomerate

laterally
migrating gravel

scour (3)

Fig. 7 Observations of modern river analogues: (a)
photograph and (b) interpretation of relics developed

by a scour-fill process at Madonna del Ponte, Villa
Santina (Friaul, Italy). The photograph provides a
three-dimensional view of a river section abandoned
immediately after a flood event. The mean flow direction
in the channel is from right to left. Within the scour,
smaller gravel dunes have migrated across the lateral
wall of the scour. Note the difference in elevation
between the top of the gravel sheets and the deepest part
of the scour pool (approximately 6 m). Gravel sheets (1),
avalanche faces (2), transition zone to scour pool (3) and
upward migrating gravel dunes (4) developed
simultaneously.

generally can be portrayed only on GPR profiles
(Huggenberger et al., 1998). The development of sedi-
mentary structures within a scour was observed
at Madonna del Ponte (Villa Santina, Friaul, Fig. 1)
immediately after a flood in 2000. Figure 7 gives
a view perpendicular to the mean flow. The
avalanche faces in front of the gravel sheets or dunes
mark a transition from gravel sheets to the scour, the
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erosional base of which is at least 3—4 m below the
top of the gravel sheets. Such transitions represent
negative steps that can lead to the development of
flow separation zones (Allen, 1984), which favour
sediment sorting, such as cross-bedding and
the development of gravel couplets (Carling &
Glaister, 1987). In the scour itself, gravel dunes have
been observed migrating across the lateral trough
wall. Along the individual dune front (step),
cross-bed sets with completely obscured foresets
develop (e.g. Siegenthaler & Huggenberger, 1993,
tig. 5). The maximum amplitude of the dune crests
is in the order of 0.1-0.2 m. While the model of
Carling & Glaister (1987) can explain planar, cross-
bedded gravel couplets (OW/BM), this particular
example from the Tagliamento River could illustrate
the formation of tangential gravel couplets (e.g.
Fig. 4d).

HYDROGEOLOGICAL CHARACTERIZATION OF
BRAIDED RIVER DEPOSITS

Hydraulic properties of sedimentary structure types

The hydraulic properties of different sediment-
ary structure types have been determined from
slightly or undisturbed sediment samples taken
of individual sedimentary texture types from out-
crops in the unsaturated zone (Huggenberger et al.,
1988; Jussel et al., 1994). The results of hydraulic
testing and geostatistical analysis display signific-
ant differences in the hydraulic properties of the
different sedimentary structure types in compar-
ison with the variability of the individual texture
types. The mean and standard deviation of the
measured hydraulic conductivities in unsaturated
or slightly disturbed samples (Rauber et al., 1998)
indicate that the effect of OW structures (geometric
mean of hydraulic conductivity, K, 1 x 10" m s
standard deviation of the natural logarithm of K,
O >0.8) on the groundwater velocity distribution
is much more important than the influence of
admixtures of other sedimentary structure types
(K,1x10°to1x10° ms™; oy, 0.4-0.8). The fre-
quency of occurrence and the dimensions of the
OW strata determine the correlation length and the
standard deviation of the hydraulic conductivity in
coarse gravel deposits. Stauffer & Rauber (1998)
showed that OW strata in OW and OW/BM struc-

tures dominate these statistical parameters of the
gravel deposits, although their total volumetric
fraction was quite small (2.8%).

Recognition of sedimentary structure types from drill-
core and GPR data

Outcrop, drill-core and geophysical information
represent data of different quality and resolution
at different scales. Due to the easy access and
visibility of undisturbed sedimentary structures
and textures, outcrop investigations provide very
reliable hard data. Unfortunately, few outcrops
are available for studies. Drilling may destroy
sedimentary structures and can smear the interface
with adjacent layers. Typically, drill-core layer
descriptions are not very detailed and do not
clearly indicate explicit texture or structure types,
even if grain-size analyses are available (e.g. over-
lapping ranges of grain-size distributions of different
sedimentary texture types; Jussel, 1992, fig. 2.5a—
d). In addition, the quality of individual drill-core
descriptions varies considerably depending on
the geotechnical or sedimentological approach
used. Consequently, drill-core data are normally
considered as soft data.

Non-destructive GPR techniques permit deposi-
tional elements and sedimentary structures to be
delineated based on the geometry of the bounding
surfaces and on smaller internal reflections. How-
ever, the relationship between reflection patterns
and sedimentary structure types is frequently
ambiguous, and consequently the results of GPR
studies are also considered as soft data.

The concept of recognizing sedimentary structure
types using drill-core and GPR data is based on the
lithofacies scheme developed for the Rhine gravel,
described in Siegenthaler & Huggenberger (1993),
Jussel et al. (1994), Rauber et al. (1998) and Regli et
al. (2002). Drill-core and GPR data have also been
interpreted and integrated into this lithofacies
scheme (Fig. 8). The data interpretation includes a
probability estimate that drill-core layer descriptions
and reflection patterns represent defined sediment-
ary structure types.

Interpretation of drill-core data

Sedimentological drill-core descriptions of coarse
gravel deposits provide information on the com-
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Sedimentological lithofacies scheme based on outcrop data
sedimentary textures, —structures and depositional elements
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characterizing braided river deposits.

position and texture of deposits. More specifically,
details of grain-size categories, sorting, major con-
stituent composition and the proportion of each
grain-size fraction can be determined, as well as
information about the colour, chemical precipita-
tion, thickness of a deposit and its transition with
the underlying layer (Table 1). Based on these data,
the probability can be estimated that a drill-core
layer description represents a defined sediment-
ary structure type (structure-type probability). The
estimation of probability and the mathematical
details of this method are described in Regli et al.
(2002).

Differentiation of the probabilities of the sedi-
mentary structure types follows an iterative process,
whereby each type of information is considered. The
iterative differentiation of sedimentary structure-
type probabilities is illustrated using the example
presented in Fig. 9 (Rhine/Wiese aquifer, Fig. 1).
A drill-core layer described as grey, clean, poorly
sorted gravel, with abundant medium and coarse
sand, abundant pebbles and cobbles, normal
thickness (0.25-2.5m), and underlain by a layer
of rather silty gravel, contains information (see
Table 1) that allows the differentiation of the
single structure-type probabilities. Starting with the
initial probability values for sand, gravel, pebbles
and cobbles (Regli et al., 2002, table 2, row 13),
the subsequent iterations result in variable differ-
entiation of the structure-type probabilities for the
same data set with different confidence levels. The
vertical lines represent ranges of structure-type
probabilities when different orders of iteration are
chosen. In Fig. 9, two orders of iterations are pre-
sented; one starts with the information concerning
the strongest relative weighting factor and then pro-
ceeds downward (Table 1, iteration number 1 to 13;
data represented in Fig. 9 by symbols); the second
order of iterations starts with the information on
the weakest relative weighting factor and then

proceeds upward (Table 1, iteration number 13 to
1; data represented in Fig. 9 by the tops of the
vertical lines). A confidence factor of 0.9 for the
drill-core layer results in a GG classification with
a probability of more than 70%. A factor of con-
fidence of 0.9 reflects a high degree of confidence
in the drill-core description (e.g. due to detailed
drill-core analysis based on the Unified Soil
Classification System (USCS: Wagner, 1957) and
additional sedimentological attributes). A factor
of confidence of 0.5 indicates a lower degree of
confidence in the drill-core description (e.g. due to
bad drill-core analysis or washing by flushing
fluids during drilling).

Interpretation of GPR data

Ground-penetrating radar data (e.g. reflection
profiles) provide two-dimensional images that
permit the division of the subsurface into zones of
more and less prominent reflection patterns. Ac-
cording to the interpretation concepts of Hardage
(1987), Beres and Haeni (1991) and Huggenberger
(1993), a radar facies type can be defined as a
mappable sedimentary structure with a reflection
pattern differing from those in adjacent structures.
The geometry of the sedimentary structure types
can be delineated by more continuous reflections
and the types of reflection patterns within a certain
visible structure. In addition, an angular uncon-
formity between prominent reflections can be an
indicator of an erosional surface, which separates
different sedimentary units.

Transformation of the reflections from travel-
time to depth requires information on the velocity
distribution. The velocity field of the GPR waves
is derived using the common midpoint method
(CMP). Semblance velocity analysis (e.g. Beres
et al., 1999) shows that interval velocities in gravel
deposits range from 0.07mns” to 0.1l mns™



Table 1 Sedimentological information in drill-core layer descriptions and relative weighting factors with
indications of the sedimentary structure type, for which the information is typical. OW, open framework
well-sorted gravel; OW/BM, open framework well-sorted /bimodal gravel couplets; GG, grey gravel; BG,
brown gravel; GG/BG-horizontal, alternating grey and brown gravel, horizontally layered; GG/BG-inclined,
alternating grey and brown gravel, inclined; SG, silty gravel; SA, sand; SI, silt. The colour separation above and
below —5.0 m arises from the different geology of the source areas: above —5.0 m the deposits consist exclusively
of Wiese gravel, below —5.0 m the deposits consist of Rhine and subordinate quantities of Wiese gravel

Sedimentological
information
(Iteration number)

Typical sedimentary structure types

Relative
weighting factor

Major constituent (/) Silt

Sand

Gravel
Quantity of (clay)— Clean
silt—(sand) (3) Little silt/silty

Little silt and sand
Much silt/clay
Quantity of sand (4) Little sand, 3—15%
Abundant sand, 16—-30%
Much sand, 31-49%
Quantity of gravel (10) Little gravel, 3—15%
Abundant gravel, 16—-30%
Much gravel, 31-49%
Quantity of cobbles (//) Few cobbles
Abundant cobbles
Many cobbles
Fraction of sand (5) Fine sand
Medium sand
Coarse sand
Fraction of gravel (8) Fine gravel
Medium gravel
Coarse gravel

Open framework Open framework gravel
gravel (2) Fe-/Mg-precipitation
Sorting of sand (6) Well sorted

Poorly sorted
Sorting of gravel (9) Well sorted

Poorly sorted
Colour (7) Grey
(above =5 m) Brown

Grey-brown
Colour (7) Grey
(below —5 m) Brown

Grey-brown
Thickness of layer (12) Thin, <0.25m
Normal, 0.25-2.5m
Thick, >2.5m
Underlying layer (13) SA
oW, OW/BM, GG
BG, GG/BG-h/-i, SI, SG

SI

SA

oW, OW/BM, GG, BG, GG/BG-h/-i, SG
oW, OW/BM, GG, GG/BG-h/-i, SA
BG, GG/BG-h, GG/BG-i, SA

ow, OW/BM

SG

OWI/BM, BG, SG, SI

GG, BG, GG/BG-h/-i, SG

GG, SG, SA

SA, Sl

SA, Sl

SA, Sl

OW/BM, GG, BG, GG/BG-h/-i, SG, SA
GG, BG, GG/BG-h/-i

BG

BG, GG/BG-h/-i, SA, SI

OW/BM, GG, BG, GG/BG-h/-i, SG, SA
OW/BM, GG, SA

GG, SG, SA, SI

oW, OW/BM, GG, GG/BG-h/-i, SA
OW/BM, BG, GG/BG-h/-i

ow, OW/BM

ow, OW/BM

OW/BM, GG, SA

OW, BG, GG/BG-h/-i, SG, SA

Oow, OW/BM, SA

GG, BG, GG/BG-h/-i, SG, SA

oW, OW/BM, GG

GG, BG, SG, SA, Sl

GG, BG, GG/BG-h/-i, SG, SA, SI
OW, OW/BM, GG, SG, SA, SI

BG

GG/BG-h/-i, SA

ow

OW/BM, GG, BG, GG/BG-h/-i, SG, SA, SI

BG

SI

BG, GG/BG-h/-i, SG
oW, OW/BM, GG, SA

0.7

0.25

0.25

0.55

0.4

0.85

0.55

0.4

0.55

0.25

0.1
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(mean at 0.095mns™) for the different CMPs.
Depending on the velocity field, linear or more com-
plex velocity functions have to be considered for
the transformation of the reflections from travel-time
to depth. Due to the accuracy of the vertical resolu-
tion, which is equal to a quarter of the applied GPR
wavelength, and the variance of the wave velocity
in comparison to the resolution of the lithological
units in drill cores, a constant velocity is assumed
as a first approximation. For more complex velocity
functions, calibration curves need to be considered,
which transform individual boundaries from two-
way travel-time to depths by using interpolation
schemes for differing neighbouring velocity logs
(Copty & Rubin, 1995).

The radar facies types can be calibrated based
on interpreted drill cores located in the vicinity of
GPR sections. The calibration process consists of
assigning the calculated structure-type probabilities
of the drill-core layer descriptions to the corres-
ponding radar facies types. The mathematical

Drill-core layer information (Iteration number)
‘ oOOW ¢ OW/BM AGG XBG x GG/BG-h =GG/BG-i =SG 0 SA +SI ‘

details of this method are described in Regli et al.
(2002). Figure 10a provides an example of oblique
sigmoidal and oblique parallel radar facies types
within a portion of a GPR section that incorporates
borehole 1462 (Rhine/Wiese aquifer; see Regli et al.,
2002). The difference in thickness suggested by
drill-core layers and the GPR structures depends
on the resolution of the visual drill-core analysis
(usually to a few centimetres) and the frequency
used in GPR mapping (usually to a few decimetres
for 50 MHz antennae).

Drill-core and GPR data processing

For the application of drill-core and GPR data to
subsurface aquifer modelling, one-dimensional
drill-core data and the two-dimensional images of
GPR sections have to be transformed into point data.
Data processing is necessary once facies analysis
is performed. The lithofacies-based interpretation
of drill-core and GPR data based on Regli et al.
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(2002) considers differences in data uncertainty and
provides lithofacies probabilities for given points
along boreholes and grid nodes with arbitrary
mesh sizes along GPR sections. The processing
steps for the GPR data are schematically shown in
Fig. 10b—f. The procedure consists of (i) digitizing
reflection pattern boundaries (Fig. 10b), (ii) snap-
ping common points of neighbouring polygons
(GPR structures; Fig. 10c), (iii) rasterizing poly-
gons and generating nodes (grid-points; Fig. 10d),
(iv) transforming relative coordinates into absolute
coordinates (Fig. 10e) and (v) assigning data to
nodes (Fig. 10f).

The digitization of the reflection patterns (rp =1,
..., 1) is carried out with digicps-3, an appended
digitizing software for CPS-3 (Radian Corporation,
1992). Usually the points of neighbouring polygons
are not coincident. For successive data processing
steps, supplemental program routines were writ-
ten in C. The snapping tool allows input of the
radius (r) into which polygon points will be
snapped. The rasterizing tool allows the input
of the area of the GPR section (A = a4, 4y, z,, 2,)
to be rasterized and the input of the horizontal
(mh) and vertical (mv) mesh sizes between nodes.
Nodes (n =1, ..., s) with the same a coordinates
(direction along GPR profile) but various z co-
ordinates (depth) are grouped into a ‘GPR borehole’
(gd=1,...,1). The data density has to be chosen in
such a way that GPR structures are clearly shown.
The coordinate transformation tool changes relative
two-dimensional coordinates (a,z) into absolute
three-dimensional coordinates (x,y,z). Finally,
the assigning tool allows the arrangement of all
information such as data source (GPR or borehole),

Fig. 10 (left) A graphical summary of the steps used in
radar facies analysis and data processing: (a) assignment
of sedimentary structure-type probabilities from drill-
core layer descriptions to corresponding radar facies
types according to the proportion in thickness between
drill-core layer and GPR structure; (b) digitizing GPR
pattern boundaries; (c) snapping of common polygon
points; (d) rasterizing polygons and generating nodes
(grid-points); (e) transforming relative coordinates into
absolute coordinates; (f) assigning information (e.g.
physical parameters) to nodes. gs, GPR section; rp,
reflection pattern; 7, radius; n, node; gd, ‘GPR borehole’;
mh, horizontal mesh size; mv, vertical mesh size; A,
area of GPR section (gs; A: a,,a,,2,,2,); P, probability

of sedimentary structure type.
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borehole number, node number, x, y and z coordin-
ates, depth, polygon number, reflection pattern
number, detail of whether a node is a surface node
or not, probabilities of the sedimentary structure
types OW, OW/BM, GG, BG, GG/BG-h, GG/BG-i,
SG, SA, and SI to the corresponding nodes. The
data are in a comma-separated-value (CSV) format,
with each node in a separate line and each kind
of information separated by a comma. Subsurface
modelling software requires spatial coordinates
(x,y,2) as well as data such as sedimentary structure
types, probability details, hydraulic and geotech-
nical parameters obtained at the nodal location.

EXAMPLE OF STOCHASTIC AQUIFER
SIMULATION USING HARD AND SOFT DATA

Simulation software and project integration

The mathematical tool GEOSSAV (Geostatistical
Environment for Subsurface Simulation And Visual-
ization) can be used for the integration of hard and
soft data, and in the three-dimensional stochastic
simulation and visualization of the distribution
of geological structures and hydrogeological prop-
erties in the subsurface (Regli et al., 2004). The tool
GEOSSAV can be used for data analysis, variogram
computation of regularly or irregularly spaced data,
and sequential indicator simulation of subsurface
heterogeneities when employed as an interface
to selected geostatistical programs from the Geo-
statistical Software Library, GSLIB (Deutsch &
Journel, 1998). Simulations can be visualized by
three-dimensional rendering and slicing perpen-
dicular to the main coordinate axis. The data can
then be exported into regular grid-based ground-
water simulation systems (e.g. ASMWIN (Chiang
et al., 1998); GMS (Environmental Modelling Sys-
tems Inc., 2002); PMWIN (Chiang & Kinzelbach,
2001)).

In the current study, GEOSSAV was used to
generate the sedimentary structures and hydraulic
aquifer properties in the vicinity of a drinking
water well. The simulated aquifer properties were
integrated into a 550 m x 400 m x 21 m, 11-layer
finite-difference groundwater flow and transport
model to simulate a river restoration pilot project
near a well-field in a gravel aquifer supplying the
city of Basel (Fig. 1). Groundwater simulation

of this portion of the Rhine/Wiese aquifer is of
interest since it includes simulations of changing
well capture zones depending on the sedimentary
structures present in the subsurface, hydrological
variations, the operating regime of the drinking
water wells, and the progress of river restoration
activities (Regli et al., 2003). The aim of the following
example is to demonstrate the different steps
followed in the characterization of subsurface
heterogeneity, depending on the proposed sedi-
mentological model and the geostatistical analysis
employed using the available data.

Field data of different quality

The study site is located at the ancient confluence
where the River Rhine flowed to the northwest and
its tributary, the River Wiese, flowed to the south-
west (Fig. 1). The average discharge of the River
Rhine at this location over the past 110 yr was
1052 m’s™, and the discharge of the Rhine is
around 90 times larger than the average discharge
of the Wiese (11.4 m’s™, based on measurements
collected over the past 68 yr (Swiss Federal Office
for Water and Geology, 2001)). Rhine and Wiese
sediments are lithologically distinct from each
other as the two rivers derived their sediments from
two geologically different catchment areas. Within
these two lithological units, a number of sediment-
ary structures are recognized that were generated
by sedimentary processes operating in braided
rivers. Lithofacies associated with the sediment-
ary structures at this location include (Regli et al.,
2002): OW, OW/BM, GG, BG, GG/BG, as well as
horizontally layered or inclined, and SG, SA and
SI. Drill-core data from five boreholes and GPR data
from 14 vertical GPR sections (total length of all
sections is 3040 m; GPR line orientations within
the field of 550 m x 400 m are given in Fig. 11)
indicated that the unconfined aquifer consists of
coarse unconsolidated Quaternary alluvial deposits.
Tertiary marls underlie these gravels and are con-
sidered impermeable for the purposes of the model
simulations. Aquifer thickness varies between 13
and 18 m. The lower 80% of the aquifer consists of
Rhine gravel (primarily limestone) and the upper
20% of the aquifer consists of Wiese gravel (prim-
arily silicates and limestone; Zechner et al., 1995).
These lithological differences may be explained
by the River Rhine reworking the Wiese gravel
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Small-scale
groundwater model

Upper aquifer
- Wiese gravel -
1 layer

ow GG/BG-h SG
[T T 7 .
OW/BM BG GG/BG-i SA

at very high flow stages, whereas the uppermost
part of the Wiese gravel sequence was preserved
until the next shift of the active channel of the
Rhine. The data sampled from the GPR sections
are given for nodes with 5 m lateral spacing along
the profile direction and 1 m vertical spacing.

Variogram computation

Modelling spatial variability of data is the key to
any subsurface simulation. A variogram describes
the spatial correlation of data as a function of the
separation vector between two data points. The
indicator variogram computation was based on
the drill-core and GPR data described above, and was
run separately for the lower part (Rhine gravel) and
the upper part (Wiese gravel) of the aquifer. The
indicator transform (Deutsch & Journel, 1998) at
grid node locations was set to unity for structure
types with the greatest probability values, but
otherwise was zero. Experimental indicator vario-
grams were calculated for various directions
(azimuth, dip, plunge). Table 2 presents the result-
ing parameters for the nine sedimentary structure
types identified at the study site. Azimuth (both dip
and plunge are 0°) and the ranges correspond-
ing to maximum and minimum horizontal and
vertical spatial correlation distances characterize the

groundwater model

Fixed head boundary

21 m

Fig. 11 Location of the small-scale
groundwater model within a large-
scale homogeneous groundwater
model. The small-scale model relies
on stochastically generated aquifer
properties. OW, open framework
well-sorted gravel; OW/BM, open
framework well-sorted /bimodal
gravel couplets; GG, grey gravel;
BG, brown gravel; GG/BG-h,
alternating grey and brown gravel,
horizontally layered; GG/BG-i,
alternating grey and brown gravel,
inclined; SG, silty gravel; SA, sand;
SI, silt.

Large-scale

Lower agquifer
- Rhine gravel -
10 layers

geometric anisotropy of the sedimentary structure
types.

The results of the variogram analysis provide
the orientation of the sedimentary structure types
representing the main flow direction of the River
Rhine in the lower part, and of the River Wiese
in the upper part of the aquifer, respectively. The
relatively large ranges of spatial correlation, rang-
ing from a few metres up to a few tens of metres
for the different sedimentary structure types
(Table 2), may be significantly influenced by the
resolution of the GPR system and the density of
the sampled data taken from the GPR sections.
The sedimentary structures of the Rhine gravel
were modelled as geostatistical structures that are
around 20% and 45% larger in the horizontal and
vertical directions respectively compared with the
structures of the Wiese gravel.

Aquifer simulation

The aquifer structure was simulated by sequential
indicator simulation (Deutsch & Journel, 1998;
Regli et al., 2004). The sequential indicator simula-
tion principle is an extension of conditioning that
includes all data available within the neighbour-
hood of a model cell, including the original data
and all previously simulated values. Sequential
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indicator simulations are processed in a number of
steps. An initial step establishes a grid network and
coordinate system, and this is followed by assign-
ing data to the nearest grid node. Where more than
one data point may be used at a node, the closest
data point is assigned to the grid node. In a third
step, a random path through all grid nodes is
determined. For a node on a random path, adja-
cent data and previously simulated grid nodes are
searched, to permit an estimation of the conditional
distribution by indicator kriging. Based on this
distribution, a simulated lithofacies is randomly
drawn and set as hard data before the next node
in the random path is selected and the process
repeated. By using this approach, the simulation
grid is built up sequentially. During the final step
of the sequential indicator simulation, results are
checked to ensure that orientations and sizes of
the simulated sedimentary structures are in accord-
ance with those observed.

The one sequential indicator simulation, using
separate runs for the lower and the upper parts
of the aquifer, is presented in Fig. 11. The regular
model grid is defined by 110 x 80 x 10 cells for the
lower part and by 110 x 80 x 1 cells for the upper
part of the aquifer, respectively. Cell sizes are
5m x 5m x 1.5m for the lower part, and 5m X
5m x 6m for the upper part, respectively. Each
simulated sedimentary structure-type distribution
is termed an aquifer realization. In each model
run, the resulting probability density functions of
the sedimentary structure types deviate less than
+10% from the initial probability density functions,
which represent the expected volumetric fractions
of the sedimentary structure types over the entire
model domain (see Table 2; Jussel et al., 1994). In
order to determine statistical moments and their
confidence limits by Monte Carlo type modelling,
a minimum of 100 or 1000 runs are necessary.
The changes in orientation and ranges of possible
sedimentary structures, caused by the above-
mentioned interactions of the two rivers over
time, are recognized and included in the model
by partitioning the aquifer vertically into two
hydrostratigraphic units.

The sedimentary structures generated are char-
acterized by randomly selecting hydraulic con-
ductivity and porosity values provided from means
and standard deviations calculated by Jussel et al.
(1994). Files containing distributions of hydraulic

conductivity and effective porosity values were
generated and exported to a Modflow-based
groundwater simulation system, in order to per-
form groundwater flow and transport simulations
(PMWIN, Chiang & Kinzelbach, 2001). This process
is described in detail in Regli et al. (2003). Ground-
water flow and transport simulations are in accord-
ance with field measurements including tracer
breakthrough concentrations and groundwater
head measurements. Each aquifer simulation
represents various equiprobable representations of
the subsurface with a variable degree of uncertainty
in hydraulic parameter values and geometry of
sedimentary structures, as based on the aquifer
sedimentological and geostatistical analyses.

DISCUSSION

Sedimentary texture and structure types along
with depositional elements of sedimentological
models can be observed in almost all Pleistocene
fluvial deposits in Switzerland as well as many other
braided river systems (e.g. Steel & Thompson,
1983; Ramos et al., 1986; Heinz, 2001). The sim-
ilarities in characteristic grain-size distributions
and hydraulic conductivities of deposits from dif-
ferent Pleistocene rivers have been documented
by Jussel (1992). Similarities in grain-size curves
were also found when comparing the gravel-sheet
deposits of modern rivers with samples observed
in gravel pits or drill cores (Néageli ef al., 1996; Regli
et al., 2002). Sedimentary texture and structure types
of a former inactive floodplain can be observed only
at very few locations in the uppermost metres
of the Rhine valley deposits between the Alpine
front and Basel. The sedimentary structure types
observed in the former floodplain are largely irrel-
evant for hydrogeological applications because
the water table is generally below these units.

It is uncertain whether the difference between
bounding-surface models dominated by horizon-
tal and trough-shaped boundary surfaces could
be attributed to two different braided river systems,
for the following reasons.

1 The dynamic character of braided rivers deter-
mines the preservation potential of the different
depositional elements, and hence the spatial extent of
the different sedimentary structure types in the geo-
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logical record. In rivers with low aggradation rates
and high bedload-sheet activities, scour fills have the
highest chance of being preserved. An example of
the dominance of OW/BM is documented in the
Marthalen system (Fig. 5), where more than 60% of
the deposits consist of scour fills. In rivers with high
aggradation rates and low gravel-sheet activities,
gravel sheets have a higher probability of being
preserved.

2 Although it can be documented from many outcrops
and GPR surveys that the horizontally dominated
bounding surfaces are most abundant in the upper-
most metres (Huggenberger et al., 1998; Carling
et al., 2000), this may not be due to major differences
in their depositional system. The dominance of
horizontal bounding surfaces near the top of the
deposits may be explained by (i) incision of the main
channels of a stream (lowering of the base level)
during normal runoff, including high flow stages,
followed by (ii) broadening of the valley bottom
by lateral erosion accompanied by minor deposition
during occasional events of very high runoff (land-
scape shaping events) by the end of late Pleistocene.
Such a shift would subsequently stop fluvial activ-
ity in the higher terrace levels. Consequently, when
examining sedimentary structures in Pleistocene
deposits, the dominance of horizontal bounding
surfaces may be restricted to the uppermost part of
the outcrop sections. This in turn implies that, when
examining modern fluvial environments, an explo-
ration depth of the geophysical method of at least
the deepest scour is required to fully describe the
bounding surfaces.

Bluck (1979), Steel & Thompson (1983), Lunt &
Bridge (2004) and Lunt ef al. (2004) provided de-
scriptions of horizontally layered sediments over-
laying tangentially dipping cross-beds, separated
by erosional surfaces. Their observations suggest
processes acting at two different vertical levels.
Ashmore (1982), when studying the initiation of
braiding in a straight channel in a laboratory
flume, also found that each individual bar was asso-
ciated with a local scour immediately upstream.
The relative importance of scour pools in braided
river deposits has also been shown in previous
investigations by Ashmore (1993) and Bristow &
Best (1993). Ashmore (1982) concluded that any
attempt to explain the development of a braided
pattern from alternating bars must account for
scours, and that alternating bars and scours are

interrelated. Scours in alluvial systems related to
gravel sheets develop over distances that are up
to several times bankfull channel width (Lewin,
1976; Tubino et al., 1999; Lanzoni, 2000; Church,
2002). The scours associated with gravel sheets
develop and fill with the advance of gravel sheets,
while the fill process is completed only during
waning flow. Due to the turbulent, turbid water dur-
ing high flow, the scour cut-and-fill process was not
observed in the Madonna del Ponte outcrop in the
Tagliamento River. However, scour structures can
be portrayed by GPR profiling, and the sedi-
mentary texture types in the central part of a gravel
sheet have been shown to mainly consist of poorly
to moderately sorted gravel ranging from coarse
sand to cobbles with almost no silt and clay.

The example of the Tagliamento River provides
some insight into the mechanisms of sediment
sorting during flooding (high flow). Figure 7 illus-
trates a transition from an avalanche face of a
gravel sheet into a scour. The transition represents
a negative step, which may produce a flow separa-
tion zone (Best & Roy, 1991; Best, 1993). With
an angle of about 90°, inclined gravel dunes
migrating across the lateral scour wall produce
smaller-scale secondary flow separation zones. The
migration of several gravel dunes across the lateral
trough wall might be explained by a sequence of
sediment pulses, as recognized by Klingemann &
Emmett (1982) and more recent flume experiments
(e.g. Marti, 2002). However, a more continuous
sediment supply cannot be excluded, although
this has not been recorded under comparable
experimental conditions. According to Carling &
Glaister (1987) and Carling (1990), negative steps
may lead to the formation of gravel couplets,
which represent a fining-upward sequence of BM
at the base and OW at the top. An advance of sev-
eral migrating small gravel dunes across the lateral
trough walls concurs with the results of numerical
models of confluence dynamics (Bradbrook et al.,
2000), which allow visualization of flow vectors
when overpassing negative steps (e.g. the situation
at the front of gravel dunes). Models of confluence
dynamics have been compared with the results of
laboratory experiments and field data (Rhoads,
1996; Rhoads & Kenworthy, 1998), and predictions
of flow in cross-sectional planes portray a rotational
flow and an upward component of the flow in the
scour (Bradbrook et al., 2000). This flow pattern
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is consistent with the upward-migrating gravel
dunes along the flank of the scour that produce tan-
gential sets of OW/BM. A possible link between
the processes described above and the resulting
sedimentary structures in a vertical profile per-
pendicular to the mean ancient flow direction is
presented in Fig. 4d. Contrary to that which might
be expected from a first inspection of a trough fill
consisting of sets with OW/BM cross-beds, these
cross-beds could develop by migration of gravel
dunes across the lateral trough walls.

Drill-core layer descriptions generally represent
mixtures of different sedimentary structure types
and often only sparse indications of OW strata
can be identified in drill-core layer descriptions.
Nevertheless, it is evident from many recent out-
crop observations that OW and OW/BM occur
frequently (Siegenthaler & Huggenberger, 1993).
Consequently, hydrogeological models based on
drill-core data may reproduce effective hydraulic
conductivities, but underestimate their standard
deviations. This underestimation may be critical
when transport distances of particles or micro-
organisms in heterogeneous aquifers need to be
evaluated. A fruitful subject of future research
would be to investigate what percentage of OW
strata are required to affect the hydrogeological,
statistical characteristics of a deposit.

The ability to integrate different quality data, such
as outcrop and drill-core analysis, geophysical
methods and geostatistical data, into mathematical
models offers a great potential for improving the
accuracy of aquifer models. This is particularly
relevant when considering the integration of drill-
core and two-dimensional or three-dimensional
structure information from GPR data into ground-
water flow and transport models, especially when
considering the variable degree of uncertainty
associated with estimating the hydraulic properties
and geometry of the sedimentary structures.
Textural and structural interpretations of GPR
data are fuzzy to some extent, and this results
in a probability estimate that drill-core layer de-
scriptions and radar facies types represent defined
sedimentary structure types. These structure-type
probabilities can be given for points along boreholes,
and grid nodes with arbitrary mesh sizes along
GPR sections. In order to derive maximum benefit
from available textural and structural information,
sequential indicator simulation techniques have

been used to simulate the distributions of sub-
surface geological structures and their associated
hydrogeological properties. Based on variogram
modelling and the choice of the simulation routine,
various equiprobable realizations have to be gen-
erated to provide an objective, statistically supported
view of reality.

CONCLUSIONS

1 The approach used to characterize aquifer hetero-
geneity presented in this paper considers the differences
between lithofacies-based interpretation of outcrop,
drill-core and GPR data. The lithofacies scheme is
based on observations of unsaturated sand and gravel
outcrops and fluvio-dynamic interpretations of pro-
cesses in a braided river. This approach is suitable
for the interpretation of radar facies types. More-
over, the analysis of a large number of vertical sections
in gravel pits and construction sites (e.g. Figs 1-5)
in Switzerland, France and southern Germany has
shown that trough-shaped erosional surfaces are
the dominant sedimentary features. In contrast,
horizontal gravel sheets were encountered less fre-
quently than expected, based on modern analogues
(e.g. Lunt et al., 2004). The trough-fill deposits seen
in gravel pits represent the infilling of ancient scour
pools.

2 Observations and GPR experiments at different
locations in the Pleistocene Rhine gravel deposits
of Switzerland show that scour dimensions vary
according to the palaeodischarge, as well as the
width of the active channel belt or the valley (Beres
et al., 1999). Two-dimensional and three-dimensional
GPR data may be used to estimate the scour-fill/
channel-fill ratio and the proportion of other de-
posits present, and time slices of three-dimensional
GPR experiments can provide maps of the ancient
fluvial systems at different depths (Beres et al.,
1999). Both data types are of particular interest when
studying aquifer heterogeneity.

3 Observations in gravel pits and on the River Taglia-
mento raise questions concerning the validity of the
widely accepted assumption among sedimentologists
that the description of modern analogues permits
the essence of the heterogeneity of a deposit to be
ascertained. By following this rationale, the role of
scour fills containing open framework well-sorted
(OW) and open framework well-sorted/bimodel
(OW/BM) gravel might be at least underestimated,
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or even overlooked. When addressing many hydro-
geological issues related to gravel aquifers, the most
important structure types are OW and OW/BM.
The extent of these highly permeable sediments is
related to the dimensions of the depositional trough-
fill deposits. A dominance of trough-fill deposits
has also been recorded based on three-dimensional
GPR investigations (Beres et al., 1999). Vertical GPR
sections may be used to estimate the scour-fill/
channel-fill ratio, and to characterize the geometry of
the erosional surfaces of sedimentary structures and
their radar facies types.

4 Application of the procedures outlined in this paper
provides a means of integrating different quality
data. The approach results in a simulated aquifer
model that includes quantifiable uncertainty asso-
ciated with the quantity and quality of data para-
meter values. This uncertainty must be considered in
both assigning values to parameters and in the
identification of particular structures. The application
of stochastic methods based on reliable sedi-
mentological models therefore provides an objective
means of handling both hard and soft data asso-
ciated with large-scale subsurface heterogeneities.
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